Terrestrial alien ferns (Polypodiophyta): a global assessment of traits associated with invasiveness and their distribution and status in South Africa by Jones, Emily Joy
 
 
Terrestrial alien ferns (Polypodiophyta): A global assessment of 
traits associated with invasiveness and their distribution and 
status in South Africa 
 
By 
 
Emily Joy Jones 
 
 
 
 
 
 
 
 
 
 
 
 
Submitted in fulfilment of the requirements for the degree Master of Science in the Faculty of 
Science at the Nelson Mandela University 
 
April 2019 
 
Supervisor: Dr Tineke Kraaij 
Co-Supervisor: Dr Desika Moodley
i 
 
Declaration 
I, Emily Joy Jones (216016479), hereby indicate that the dissertation for Master of Science in 
the Faculty of Science is my own work and that it has not previously been submitted for 
assessment or completion of any postgraduate qualification to another University or for 
another qualification. 
 
_______________________       2019-03-11 
Emily Joy Jones         DATE 
 
 
 
 
 
 
 
 
 
 
 
 
 
Official use: 
In accordance with Rule G4.6.3, 4.6.3 A treatise/dissertation/thesis must be accompanied by 
a written declaration on the part of the candidate to the effect that it is his/her own work and 
that it has not previously been submitted for assessment to another University or for another 
qualification. However, material from publications by the candidate may be embodied in a 
treatise/dissertation/thesis.  
  
 ii 
Table of Contents 
 
Abstract ...................................................................................................................................... i 
Acknowledgements ................................................................................................................ iii 
List of Tables ............................................................................................................................ v 
List of Figures .......................................................................................................................... vi 
List of Supplementary Material ........................................................................................... vii 
Thesis Structure, Research Publications and Conference Contributions ...................... viii 
CHAPTER 1: General Introduction ...................................................................................... 1 
Invasion Biology ................................................................................................................................ 1 
Invasiveness, Invasibility and Pathways of Introduction ................................................................ 2 
Alien Species Inventories, Risk Analysis and Management ............................................................ 3 
Ferns as Invaders .............................................................................................................................. 6 
Ferns in South Africa ...................................................................................................................... 8 
Thesis Objectives ............................................................................................................................. 10 
References ........................................................................................................................................ 11 
CHAPTER 2: A Global Assessment of Terrestrial Alien Ferns (Polypodiophyta): 
Species' Traits as Drivers of Naturalisation and Invasion ................................................. 17 
Abstract ............................................................................................................................................ 17 
Introduction ..................................................................................................................................... 18 
Methods ............................................................................................................................................ 21 
Inventory, Geographic Distribution and Family Representation ................................................. 21 
Analysis of Traits Influencing Invasiveness .................................................................................. 22 
Results .............................................................................................................................................. 25 
Inventory, Geographic Distribution and Family Representation ................................................. 25 
Traits Influencing Invasiveness ..................................................................................................... 27 
Discussion ........................................................................................................................................ 30 
Conclusion ....................................................................................................................................... 33 
Acknowledgements .......................................................................................................................... 34 
References ........................................................................................................................................ 35 
Supplementary Materials ............................................................................................................... 40 
CHAPTER 3: Terrestrial Alien Ferns (Polypodiophyta) in South Africa: Distribution, 
Abundance and Habitat Associations .................................................................................. 49 
Abstract ............................................................................................................................................ 49 
Introduction ..................................................................................................................................... 50 
Methods ............................................................................................................................................ 53 
  
 iii 
Study Area ..................................................................................................................................... 53 
Species Distribution Database ...................................................................................................... 53 
Field Surveys ................................................................................................................................. 54 
Abundance and Distribution ......................................................................................................... 55 
Invasion status and Prominence ................................................................................................... 56 
Habitat Traits Analysis ................................................................................................................. 56 
Results .............................................................................................................................................. 57 
Abundance and Distribution ......................................................................................................... 57 
Prominence ................................................................................................................................... 61 
Habitat Associations ..................................................................................................................... 61 
Discussion ........................................................................................................................................ 64 
Management Implications ............................................................................................................. 67 
Acknowledgements ......................................................................................................................... 69 
References ........................................................................................................................................ 71 
Supplementary Materials ............................................................................................................... 76 
CHAPTER 4: Synthesis and Conclusions.......................................................................... 103 
Summary of Major Findings ........................................................................................................ 103 
Implications for Management ...................................................................................................... 105 
Study Limitations .......................................................................................................................... 107 
Study Contributions and Recommendations for Future Research .......................................... 107 
References ...................................................................................................................................... 111 
 
i 
 
Abstract 
Globally, invasive alien plants (IAPs) are one of the greatest threats to biodiversity, 
ecosystems and ecosystem services. The threats posed by IAPs have prompted inventory 
compilations and screening exercises which aim to understand why some taxa become 
invasive and others do not. Ferns are a diverse taxon that appear to have a high invasive 
potential, however ferns have been vastly understudied in the field of invasion biology. This 
study aimed to establish a basic understanding of terrestrial alien true ferns (Polypodiophyta, 
hereafter ‘alien ferns’) at both global and national (South African) scales. We developed a 
global inventory of alien ferns comprising 157 species using published literature and online 
inventories. Our global inventory indicated that there are significantly more alien fern species 
than previously estimated (60 species). We used generalised linear models with binomial 
response variables to determine which traits influenced the probability that an alien fern 
would become naturalised or invasive. Our models explained 30-40 % of the variance 
associated with invasiveness and showed that ground-dwelling life forms, reproductive 
plasticity, tolerance to disturbances and varied light conditions, and a broad introduced range 
(interpreted as high environmental tolerance and popularity in horticulture) were important 
determinants of invasiveness in alien ferns. Ultimately, we found that the probability of alien 
ferns becoming naturalised or invasive is more than 50 %. We further established which 
geographic regions and fern families had the highest incidences of alien ferns and identified 
species that were invasive over extensive introduced ranges. For the national scale study, we 
aimed to assess the distribution, abundance, invasion status, and habitat associations of 
terrestrial alien fern species present outside of cultivation in South Africa. Field surveys were 
conducted across the country in habitats suitable for ferns, guided by pre-existing records of 
alien fern occurrences. Thirteen species occurred outside of cultivation, all of which were 
classified as invasive, and among these, approximately 5000 plants were recorded across 300 
localities. Species richness and abundance peaked along the Indian Ocean Coastal Belt and 
the Afro-montane phytogeographical regions. A multiple correspondence analysis revealed 
that alien ferns in South Africa were most strongly associated with indigenous forest habitats 
and the majority of species selected for shaded conditions, close to water. Only two species 
were closely associated with open habitats under high light conditions, with plantations also 
infrequently selected by alien ferns. Habitat generalists were closely associated with 
disturbance, but avoided open habitats, far from water. Compared to the most prominent 
angiosperm invaders in South Africa, alien ferns have a lower potential for widespread 
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invasion and range expansion, probably due to their habitat specificity. We identified four 
species as potential targets for eradication and which should be listed as Category 1a under 
the Alien and Invasive Species regulations of the National Environmental Management: 
Biodiversity Act of South Africa. The remaining species should be listed as Category 1b 
since they occupied an extensive geographic range. The most prominent ferns included 
Adiantum raddianum, Sphaeropteris cooperi, Deparia japonica and Cyrtomium falcatum. 
Our study informed appropriate regulation for several species of alien ferns that were deemed 
to be data deficient and in need of assessment by a recent report on the status of biological 
invasions in South Africa. A risk analysis completed for S. cooperi confirmed that the species 
has a high invasion risk in South Africa and should be listed as Category 1b. Given that the 
outcomes of the risk analysis completed for S. cooperi matched the findings from our field 
surveys, this study supported risk analysis as a reliable (literature-based) method to evaluate 
IAPs. The findings of our assessments at the global and national scale corresponded in that 
various traits that promoted invasiveness in alien ferns globally were also facilitating invasion 
in South Africa. Additionally, of the eleven species found to be invasive over extensive 
introduced ranges at global scale, only two (Lygodium microphyllum and Angiopteris evecta) 
were not yet recorded in South Africa. Since horticulture was established as the primary 
pathway for the introduction of alien ferns, the management of alien ferns (globally and in 
South Africa) should focus on regulating trade. The sources of cultivation and the pathways 
of dissemination across the globe also need consideration. Basic environmental and 
biological associations of alien ferns were evident in this study, but to fully understand their 
invasive potential further research should focus on niche-based modelling to predict potential 
invasion ranges, the effects of biological traits on invasiveness, and the potential ecological 
impacts of these species. 
Keywords:  
habitat associations; indigenous forest; invasiveness; inventory compilation; legislative 
regulation; mechanisms of invasion; Polypodiophyta; spatial distribution  
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Thesis Structure, Research Publications and Conference 
Contributions  
 
This study aimed to assess the traits that underly invasion success in terrestrial alien true 
ferns at a global and national scale and further determine the distribution and abundance of 
alien fern species present outside of cultivation across South Africa. Data chapters (2 and 3) 
were presented in scientific paper format, which accounted for the use of the plural first 
person (‘we’ instead of ‘I’) and some replication of content throughout the thesis. The 
reference lists were provided separately for each chapter to facilitate readability. We adopted 
the editorial style of the journal Biological Invasions throughout the thesis for consistency 
purposes. The thesis is structured as follows: 
Chapter 1 provided a rationale for this study. We started with a literature review of the 
relevant aspects of invasion biology and more particularly of ferns as invaders or 
problem plants. We further expanded on the objectives of this study.  
Chapter 2 titled ‘A global assessment of terrestrial alien true ferns (Polypodiophyta): 
species' traits as drivers of naturalisation and invasion’ provided a global inventory of 
terrestrial alien true ferns and identified which biological and environmental traits 
influenced the probability that a terrestrial alien fern will become naturalised or 
invasive. This chapter was published (27 October 2018) as a research paper in the 
international peer-reviewed journal Biological Invasions: DOI 10.1007/s10530-018-
1866-1. Contributing authors were Dr Tineke Kraaij, Dr Desika Moodley and Dr 
Herve Fritz. The findings of this chapter were presented at the 45th Annual Research 
Symposium on the Management of Biological Invasions in Southern Africa, 3- 6 July 
2018, Thohoyandou, Limpopo. 
Chapter 3 titled ‘Terrestrial alien true ferns in South Africa: distribution, abundance and 
habitat associations’ assessed the incidence of invasive alien fern species present 
outside of cultivation in South Africa and identified the habitats most  associated 
with their occurrence. It provided the first systematic account of alien fern 
distributions in South Africa and the data collected directly contributed to the South 
African National Biodiversity Institute’s Directorate on Biological Invasions and the 
South African Plant Invaders Atlas. We intend to submit this chapter as a research 
paper to an international peer reviewed journal (likely Diversity and Distributions). 
  ix 
Contributing authors will be Dr Tineke Kraaij, Dr Desika Moodley and Dr Chloe 
Guerbois. 
Chapter 4 presented a synthesis of the key findings of Chapters 2 and 3 and indicated the 
novelty, strengths and shortcomings of these studies and provided recommendations 
for management and future research.
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CHAPTER 1: General Introduction 
 
Invasion Biology 
Globally, invasive alien plants ( IAPs) are one of the greatest threats to biodiversity, 
ecosystems and ecosystem services (Bajwa et al. 2016). Alien plants can inhibit the delivery 
of ecosystem services (e.g. the provisioning of clean drinking water) and cause environmental 
degradation which requires costly mitigation efforts (Pimentel et al. 2005; Pyšek et al. 2012). 
Anthropogenic activities facilitate the introduction of species into areas where they do not 
naturally occur (Dawson et al. 2009) and these species may impose impacts at different 
spatial scales affecting various ecological processes (e.g. invasive species can alter soil 
nutrient cycling; Hamilton et al. 2005; Chau et al. 2013). Successful invasions can induce 
ecosystem shifts (Pyšek et al. 2012) which may result in trophic cascades that have 
irreversible effects on biodiversity (e.g. invasive plants can outcompete and sometimes 
completely replace, native species in a system and thus change community structure; Vilà et 
al. 2011). The loss of biodiversity in turn impacts both natural systems and humans. 
Accordingly, there is growing concern over the ecological, economic and social significance 
of alien plants and the study of invasion biology aims to address these concerns (Blackburn et 
al. 2011). 
Over time, different definitions and terms pertaining to the same concepts in the invasion 
process have been applied in the invasion biology literature (Lockwood et al. 2013). In order 
to unify our understanding of the invasion process standard terms and definitions have been 
developed (Pyšek et al. 2004; Falk-Peterson et al. 2006; Blackburn et al. 2011). Biological 
invasion generally follows a sequence of events, termed the ‘introduction-naturalisation-
invasion continuum’, comprising of three main phases (Fig. 1): introduction, i.e. species 
introduced into an environment outside of its native range; naturalisation, i.e. establishment 
of self-sustaining populations; and invasion, i.e. the ability to expand its range beyond the 
initial site of infestation/colonisation (Falk-Petersen et al. 2006; Blackburn et al. 2011). 
During the early stages of invasion, alien species are often poorly studied due to a lag phase 
(Ricciardi et al. 2013) which can make it difficult to detect an invasion before it becomes 
problematic (Richardson et al. 2000). It is therefore important to gain an understanding of 
species traits and habitat characteristics associated with invasion to aid in the prevention, 
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early detection and effective management of potentially problematic species (Simberloff 
2003; Pyšek et al. 2012). 
 
Fig. 1 A simplified version of the proposed unified framework for biological invasions adopted from 
Blackburn et al. (2011). The framework represents the stages of invasion and the barriers 
(anthropogenic, biological and environmental) that must be overcome for a species to transition to the 
next stage 
Invasiveness, Invasibility and Pathways of Introduction 
Some species are more likely to become invasive than others and species invasiveness (i.e. 
the invasive potential of a species) and invasibility (i.e. the vulnerability of recipient 
ecosystems to invasion) can be determined by environmental, biological and anthropogenic 
factors (van Kleunen et al. 2010). The biological characteristics of an invasive species align 
closely with its ecological behaviour and can help determine its adaptive success (Sakai et al. 
2001). Particular expressions of plant characteristics such as mode of reproduction, dispersal 
success, plant size, growth rate and hardiness or resilience may provide alien plants with a 
competitive advantage over resident species thereby facilitating invasion (Kolar and Lodge 
2001). In addition, residence time (i.e. time elapsed since introduction) and propagule 
pressure (i.e. the number of individuals of a species introduced into as system) are commonly 
associated with invasive success (Wilson et al. 2007; van Kleunen et al. 2010). 
Environmental factors such as habitat and climate suitability, the lack of competition or 
natural enemies and anthropogenic or natural disturbance, may render an area more prone to 
invasion than others (Pyšek et al. 2009; Andonian and Hierro 2011). Natural lands that lie 
along the boundaries of urban areas often exhibit edge effects and are highly susceptible to 
invasion (Alston and Richardson 2006). The influences of these various factors are complex 
and invasion stage dependent (Kolar and Lodge 2001; Pyšek et al. 2009). In the transitions 
from ‘introduced to naturalised’ and ‘naturalised to invasive’ different factors show varying 
levels of importance, e.g. anthropogenic factors are generally important in the initial stages of 
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invasion, but biological and environmental factors become important in later stages (Pyšek et 
al. 2009).  
Introduction pathways consider vectors that transport a species from one geographical region 
to another and may be deliberate, e.g. purposefully introduced for horticulture or as 
commodities; or unintentional, e.g. accidentally introduced as a stowaway or contaminant 
(Richardson and Pyšek 2012). Purposeful introductions and pathways that are strongly 
associated with human influence are likely to contribute a higher proportion of naturalised 
and invasive species (among introduced species; Pyšek et al. 2011). For example, 
approximately 80 % of naturalised alien plants across the globe have origins in horticulture 
(van Kleunen et al. 2018). The invasive potential of a species (dependent on species’ traits) is 
also associated with particular pathways of introduction (Pyšek et al. 2011; Richardson et al. 
2003). For instance plant traits synonymous with species popular in ornamental trade, such as 
rapid growth rates and a broad environmental tolerance, are often traits that also promote 
invasion (Dehnen-Schmutz 2007). Propagule pressure is also aligned with pathways of 
introduction and human influence where anthropogenic activities such as cultivation and 
commercial farming lead to the continual introduction of a species into a system thereby 
increasing the dispersal and naturalisation potential of that species (Wilson et al. 2009).  
Alien Species Inventories, Risk Analysis and Management 
Inventories provide a united approach of monitoring and reporting biodiversity change which 
allows for greater management efficiency of alien and invasive species at various spatial 
scales (Mc Geoch et al. 2012; Latombe et al. 2017). Global inventories of alien and invasive 
biota are generally more comprehensive for faunal vertebrate species (e.g. birds, mammals 
and reptiles) than for floral species (Pyšek et al. 2017), but various IAP inventories have been 
developed, e.g. the Global Invasive Species Database (GISD; http://www.iucngisd.org/gisd/) 
and Global Naturalised Alien Flora (GloNAF; https://glonaf.org/). Inventories are often laden 
with errors (most commonly epistemic in nature, resulting from a lack of knowledge or 
measurement faults) and inconsistent use of standardised variables and terminology making 
data sharing and integration difficult (Kolar and Lodge 2001; Ruiz and Carlton 2003; Scholes 
et al. 2012; Costello and Wieczorek 2014; Pyšek et al. 2017). To reduce these discrepancies 
various frameworks and guidelines have thus been developed (Mc Geoch et al. 2012; 
Latombe et al. 2017; Blackburn et al. 2011; Pyšek et al. 2004). It was suggested that 
inventories be compiled with consideration of three primary essential variables namely, 
species distribution (i.e. presence or absence), invasion status (i.e. introduced, naturalised or 
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invasive) and impact (Latombe et al. 2017). Additionally, supplementary variables such as 
abundance, pathways of introduction and the value and characteristics of the receiving 
environment should be collected as a means to support the essential variables (Latombe et al. 
2017). Inventories and atlases of invasive species provide an important source of information 
for risk analyses (Proença et al. 2017).  
Risk analyses (RAs) aim at separating species that are most likely to become problematic 
post-introduction from those that are safe to introduce (or safe to allow to persist if already 
introduced) (Daehler et al. 2004; Křivánek and Pyšek 2006). These analyses are generally 
designed using a methodological scoring system, where each answer in a set of questions is 
scored and ultimately computed to provide a quantification of invasion risk (Regan et al. 
2005). Clear guidelines and confidence indices have been developed in concert with these 
RAs as a means of counteracting potential bias and can thus be adapted to areas outside of 
their intended use and can be applied at global, national and local scales. Examples include 
the Environmental Impact Classification for Alien Taxa (Hawkins et al. 2015), which can be 
applied across the globe, and the Australian Weed Risk Assessment, originally developed for 
Australia but regularly adapted and applied in other countries (Pheloung et al. 1999; Gordon 
et al. 2010). RAs are increasingly used to forecast the risk an alien species poses to a 
specified area (Latombe et al. 2017) based on the invasive traits; native, introduced and 
potential ranges; and environmental impacts of a species (Rejmánek et al. 2005; Leung et al. 
2012; Blackburn et al. 2014). 
Impact classification and predictive measures of climate or niche suitability are two core 
components that underly RAs (Kumschick et al. 2018). Classifying the magnitude of impact 
can inform where best to prioritise action (Leung et al. 2012; Blackburn et al. 2014). Alien 
plants can bring about measurable changes to ecosystems, but the level of their environmental 
impact varies. Accordingly, Blackburn et al. (2014) developed a scheme with specified 
criteria for impact classification (Kumschick et al. 2018). The impact scheme categorises a 
species’ impact from minimal to massive (using a total of five categories) within various 
impact classes such as competition, hybridisation and predation (including a total of 12 
classes). For example, a massive impact in terms of competition would mean that an alien 
species causes irreversible changes in community composition by replacing or causing the 
extinction of one or more native species, whereas a minimal impact would mean the alien 
species presents a negligible level of competition to native species. Evidence of a species 
being invasive elsewhere is a useful indicator of invasion risk, especially under similar 
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climatic conditions (Kolar and Lodge 2001; Hamilton et al. 2005; Dawson et al. 2009). 
Although deductions based on climatic similarities can be adopted in RAs (Kumschick et al. 
2018), more in-depth approaches such as niche-based modeling (i.e. using the climatic 
variables of one area to identify climatically analogous areas) is a more robust approach. 
Predicting the potential range of a plant species (based on niche-based modelling) provides 
an early warning system for IAP management (Thuiller et al. 2005).  
Risk analyses can be used to prevent the introduction or establishment of IAPs by supporting 
the listing of species on blacklists and subsequently informing policy development (Hulme et 
al. 2018). Policies should focus on the source of introduction (most commonly the 
horticultural pathway; van Kleunen et al. 2018) and target prevention through four primary 
regulations, i.e. pre-border control through import restrictions; banning of plant sales post-
introduction (thereby minimising cultivation and propagule pressure); implementing ‘codes 
of conduct’ for industries; and public awareness as a means of informing the consumer 
(instigating behavioural change and consumer trends) (Hulme et al. 2018). For example, New 
Zealand and Australia have developed a ‘whitelist approach’ where species not yet cleared 
for import require evaluation through a formal weed risk assessment (Auld 2012). In South 
Africa, regulations pertain to species already present in the country and as such do not target 
prevention. Rather, IAPs are listed under the Alien and Invasive Species regulations of the 
National Environmental Management: Biodiversity Act (10/2004) (NEM:BA, Wilson et al. 
2013) and are categorised according to their status and severity of invasion. These categories 
provide a means of prioritising where best to invest resources in the management of IAPs (i.e. 
a key component of effective control; Mc Geoch et al. 2016). 
The primary aim of IAP management is complete eradication where feasible, alternatively 
invasive species management largely aims at returning a weed species to the non-invasive 
status (van Wilgen et al. 2004). There are multiple methods implemented for effective IAP 
control, i.e. chemical (e.g. herbicide; Harris 1991); mechanical (e.g. cutting; Kluth et al. 
2003); and biological (e.g. the use of natural enemies such as insects; Dennhill 1990), but the 
outcomes of control exercises are species- and environment specific. For example, herbicide 
is one of the most effective forms of IAP control but can have adverse effects on non-target 
species and ecosystems (Kettenring and Adams 2011). Therefore, characterising invasive 
species and the environments they invade is an important step in understanding the control 
mechanisms that will be most effective in IAP management (Rejmanek and Richardson 
1996). Studies that provide an understanding of invasive taxa and further expand on 
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achievable management approaches are important for closing the gap in knowledge transfer 
between science and management (Stromberg et al. 2009). 
 
Ferns as Invaders 
Pteridophytes (ferns) have a long evolutionary history and are a diverse group of plants with 
more than 12 000 known species globally inhabiting a variety of environments (Lloyd 1974; 
Page 2002; Ranker and Haufler 2008). Fern diversity in terms of numbers of species, genera 
and families, is generally greater in regions with a higher evapotranspiration potential, annual 
precipitation and topographic complexity (Kessler 2010). Up to ca. 60 % of ferns are found in 
the wet tropics and wet mountainous areas where ferns can represent up to 13 % of the local 
flora (de Winter and Amoroso 2003). On islands, ferns generally represent approximately 
15 % of local flora, but can constitute up to 70 % in exceptional cases, e.g. Easter Island 
(Kessler 2010). In contrast, ferns are virtually absent in arid zones (with the exception of a 
few specifically adapted genera, e.g. Cheilanthes sp.) and are species poor in areas with 
Mediterranean type climates (Ferrer‐Castán and Vetaas 2005). Across the globe, 
approximately 60 species are deemed problematic by displaying invasive behaviour and 
competing with native species in natural habitats, thereby negatively impacting the 
environment or inhibiting human use of natural resources (Mehltreter and Sharpe 2013). 
Once they are introduced, ferns generally do not require further human interference to persist 
or spread (Mehltreter and Sharpe 2013).  
Ferns are potentially good candidates for becoming invasive because ecologically, they are 
adapted to survive through the following advantageous strategies: photosynthetic ability 
under low light conditions; photochemical armament as a prime predator defence; high 
resistance to pathogens and fungal attack; high tolerance of varying nutrient levels in soils; 
exploitation of mycorrhizae; spore tolerance of hostile or unfavourable aerial environments; 
adaptive breeding systems in response to environmental changes; gametophyte revival after 
desiccation or dormancy (in certain species); sporophyte longevity; potential of polyploidy 
(chromosomal advantage); and biotic independence (no need for plant-animal associations) 
(Page 2002). The mechanisms underlying reproduction in ferns facilitate their invasive 
behaviour (Robinson et al. 2010). Ferns have two free-living generations namely the 
gametophyte and the sporophyte. After a spore has germinated, fertilization of the 
gametophyte (i.e. sexual reproduction) is required for sporophyte establishment (de Groot et 
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al. 2012). Apogamic ferns are the exception as they develop sporophytes from vegetative 
gametophytic cells (Sharpe and Mehltreter 2010). In ferns, spore production and gametophyte 
generation determine phylogenetic relationships, genetic diversity and reproductive potential 
(Lloyd 1974). Ferns reproduce by means of intergametophytic mating and recombination, or 
by perpetuating homozygosity through intragametophytic selfing (i.e. self-fertilization of a 
single gametophyte) (Lloyd 1974). Intragametophytic selfing is an important characteristic to 
consider with regards to invasive potential in ferns as self-fertilization has been found to be 
aligned with distance colonization (Stebbins 1957). These characteristics, along with 
apogymy, undoubtedly facilitate the successful establishment of ferns in a wide range of 
habitats (Lott et al. 2003) and should be considered as indicators of invasive potential. 
Fern life forms can be categorized as epiphytes, lithophytes, ground-dwellers (including 
geophytes, cryptophytes and hemicryptophytes), or aquatic plants and although they are 
generally habitat specific (Kessler 2010), some species have the ability to occupy and thrive 
in various ecological habitats including urban environments (Page 2002; Morajkar et al. 
2015). They hold little economic value, therefore cultivation for purposes other than 
horticulture is unlikely (de Winter and Amaroso 2003). Ferns are introduced into new areas 
primarily through ornamental trade (Wilson 2002) and have a long history in horticulture 
most evidently dating back to the ‘Victorian Fern Craze’ (also known as ‘Pteridomania’) of 
the 1800’s (Lowe 1864; Whittingham 2009). It was during this period that the international 
trade and trends in fern growing peaked. Ferns were widely advertised as easy to grow in a 
wide variety of environments including glass houses, open and shaded gardens, window 
boxes and even indoors (Whittingham 2009). The same traits that make ferns attractive as 
horticultural species likely promote their invasive behaviour, a trend noted in various other 
species (Dehnen-Schmutz 2007).  
Globally, ferns are largely underrepresented in the invasion biology literature and studies 
tend to be topic specific (e.g. concerning general distribution and potential range expansion 
of a species; Kornas 1993), focussed on invasive plants in general (e.g. Anderson et al. 1992); 
or on particular fern species that are already invasive (e.g. Lott et al. 2003; Goolsby 2004; 
Murakami et al. 2007; Christenhusz and Toivonen 2008). Sphaeropteris cooperi (Hook. Ex F. 
Muell.) R.M.Tryon, is one of the most broadly studied alien ferns, particularly in Hawaii 
(Durand and Goldstein 2002; Chau et al. 2013; Medeiros et al. 1992). S. cooperi invades 
intact Hawaiian forests and alters soil nutrient cycling, is fast growing and produces more 
fertile fronds per year than the native tree ferns (Cibotium sp.). Although the species is 
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susceptible to concentrated sprays of the herbicides Dicamba and 2,4-D which are applied to 
individual shoot apices (Robinson et al. 2010), other means of control, e.g. biological control, 
has not yet been successfully implemented. Three species of Lygodium are considered to be 
invasive, of which L. japonicum (Thunb.) Sw. and L. microphyllum (Cav.) R. Br. have most 
extensively spread (e.g. in Florida, USA; Pemberton and Ferriter 1998; Lott et al. 2003). 
Lygodium adopt a climbing growth form and is capable of intragametophytic selfing (self-
fertilisation) with rapid sporophyte production. These traits enable domination of native 
vegetation and rapid colonisation of suitable habitats, including distance colonisation via 
spores (Lott et al. 2003). Both species are currently listed under Category 1 (i.e. ‘‘invasive 
exotics that are altering native plant communities by displacing native species, changing 
community structures or ecological functions, or hybridizing with natives’’) in the Florida 
Exotic Pest Plant Council’s list of invasive plant species (FLEPPC; https://www.fleppc.org/) 
and reasonably effective control (80 % control, but not complete eradication) has been 
achieved (Minogue et al. 2010). To date, no invasion biology studies have focused on 
Pteridophyta as a whole, or taxonomic groupings within ferns such as Polypodiophyta, the 
true ferns (Christenhusz and Chase 2014).  
Ferns in South Africa 
In South Africa native ferns comprise over 300 species of the country’s diverse flora and 
existing fern accounts (in field guides, conspectuses and compendia) predominantly consider 
indigenous species (Sim 1915; Jacobsen 1983; Schelpe and Anthony 1986; Burrows 1990; 
Roux 2001). Native fern distribution in South Africa primarily coincides with indigenous forest 
distribution (Burrows 1990). Compared to the other biomes in the country, the forest biome is 
very small (i.e. covering only 0.1 % of the land surface area), however additional patches of 
forest are imbedded within the fynbos, Albany thicket, grassland and savanna biomes (Mucina 
and Geldenhuys 2016). Patch size of the larger forest complexes can range from large patches 
(3500 – 25 000 ha) to much smaller patches (<10 – 100 ha) when imbedded within the other 
biome types. 
There is limited knowledge related to the distribution, abundance and impacts of alien ferns 
in the country. In depth studies have focused primarily on aquatic ferns such as Azolla 
filiculoides Lam. and Salvinia molesta DS Mitchell in terms of establishment and distribution 
(e.g. Ashton and Walmsley 1984, Fernández-Zamudio et al. 2010) but most commonly 
concerning biological control programmes (e.g. Cilliers 1991; Hill 1999; Mc Connachie et al. 
2003; Coetzee et al. 2011). Five species of aquatic alien ferns (Azolla and Salvinia) are listed 
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in South Africa under NEM:BA while only three terrestrial species of alien ferns are listed 
(i.e. Phlebodium aureum, Nephrolepis cordifolia and N. exaltata). The genus Nephrolepis has 
many cultivated forms which are amongst the most popular ornamental ferns across the globe 
(Hovenkamp and Miyamoto 2005). It has a wide native distribution (pantropical) establishing 
as ground-dwelling or epiphytic plants which spread prolifically via rhizomes and tubers 
(Hennequin et al. 2010). Various species of Nephrolepis have escaped cultivation and have 
naturalised in many parts of the world (Weber 2003), but N. cordifolia is the most widely 
regulated. For example, N. cordifolia is listed under, Category 1 (i.e. “invasive exotics that 
are altering native plant communities by displacing native species, changing community 
structures or ecological functions, or hybridizing with natives”) in Florida (FLEPPC 2017); 
an environmental weed under the National Pest Plant Accord, preventing sale and cultivation 
in New Zealand (Howell 2008); and a declared noxious weed in New South Wales, 
prohibited from entry into Western Australia (Groves et al. 2005). N. cordifolia and N. 
exaltata are listed as Category 1b under NEM:BA in South Africa, which applies to 
widespread, problematic species that require control, as eradication is no longer feasible. 
Phlebodium aureum is not as widely introduced (globally) as Nephrolepis and the species has 
only been recorded as naturalised in Hawaii (Wilson 2002; Vernon and Ranker 2013) and 
South Africa (Crouch et al. 2011). The plant is popularly cultivated as an ornamental in both 
these regions, occurring most commonly as an epiphyte near residential areas on trees and 
buildings in Hawaii and as a ground-dweller in evergreen riverine forests and forest margins 
in South Africa (Crouch et al. 2011). The species is listed as Category 3 (i.e. species that 
require control only in riparian zones) in South Africa under NEM:BA.  
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Thesis Objectives 
Given the diversity of species, wide-ranging distribution and long horticultural history of 
ferns, they represent a key taxon requiring systematic screening for invasiveness and 
assessment of traits associated with invasiveness. This study aimed to improve the 
understanding of terrestrial alien true ferns (Polypodiophyta, hereafter alien ferns) by 
assessing (at a global and national scale) species composition, distribution and traits 
(biological, environmental and anthropogenic) associated with invasiveness. The objectives 
of the study were therefore to: 
1. Compile a global inventory of alien ferns using literature and online inventories, 
explore the traits associated with their invasiveness and highlight species of concern. 
2. Determine the abundance, distribution, invasion status and habitat associations of 
alien ferns in South Africa through field surveys and provide appropriate regulatory 
and management suggestions. 
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CHAPTER 2: A Global Assessment of Terrestrial Alien Ferns 
(Polypodiophyta): Species' Traits as Drivers of Naturalisation and 
Invasion 
 
Abstract 
The global threat posed by invasive alien plants has prompted inventory compilations and 
screening exercises that aim to understand invasiveness in various taxa. Various traits 
influence the invasiveness of a species but do not apply to all plant taxa. Ferns are rare or 
absent from such inventories, but notable fern invasions do exist. We developed a global 
inventory of terrestrial alien true ferns (Polypodiophyta) comprising 157 species, using 
published literature and online inventories. We aimed to determine which traits influence the 
probability that a terrestrial alien fern will become naturalised or invasive. Generalised linear 
models with transition stages as response variables, were used to assess the effects of various 
anthropogenic, biological and distributional traits on invasiveness. Our model explained 30-
40 % of the variance associated with invasiveness and showed that a ground-dwelling life 
form, reproductive plasticity, tolerance for disturbance and varied light conditions and a 
broad introduced range (interpreted as high environmental tolerance and popularity in 
horticulture) were important determinants of invasiveness in alien ferns. We highlighted 
which geographic regions and fern families had the highest incidences of alien ferns and 
identified particular species of concern. This study aids in the understanding of the 
mechanisms underlying invasiveness in alien ferns and the findings can inform future 
research on these understudied taxa as invasive species. 
Keywords 
alien ferns; global inventory; invasion stage; introduced range; native range; reproductive 
plasticity 
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Introduction 
Invasive alien species are one of the greatest threats to biodiversity, ecosystems and 
ecosystem services (Millennium Ecosystem Assessment 2005). Species invasion generally 
follows a sequence of transitions (termed the ‘introduction-naturalisation-invasion 
continuum’; Richardson et al. 2000) from introduction (i.e. species introduced into an 
environment outside of its native range) to naturalisation (i.e. establishment of self-sustaining 
populations) to invasion (i.e. the ability to expand its range beyond the initial site of 
infestation/colonisation) (Falk-Petersen et al. 2006; Blackburn et al. 2011).  
The global significance of invasive species has prompted inventory compilations and 
screening exercises as a means to provide information about the mechanisms of invasion and 
inform sustainable management strategies, transforming the study of invasion biology into a 
predictive science (Latombe et al. 2017; Pyšek et al. 2017). Global inventories of alien and 
invasive biota are generally more comprehensive for faunal species (Pyšek et al. 2017) than 
for floral species. Inventories on alien flora are generally poor in species composition and are 
restricted in terms of geographical scale (Latombe et al. 2017).  
Ferns in particular, are rare or absent from inventories on alien flora for many parts of the 
world. In a recent global inventory of naturalised vascular plants, ferns were absent from the 
list which comprised 200 of the most widely distributed naturalised plant taxa of the world 
(Pyšek et al. 2017). However, in a few regions alien ferns rank amongst some of the most 
conspicuous, ecologically damaging and well-studied invasive species (Pemberton et al. 
2002; Wilson 2002; Lott et al. 2003; Murakami et al. 2007; Chau et al. 2013). For instance, of 
the Florida Exotic Pest Plant Councils’ (FLEPPC) list of Category 1 invasive plant species 
(i.e. “invasive exotics that are altering native plant communities by displacing native species, 
changing community structures or ecological functions, or hybridizing with natives”), alien 
ferns comprise 12.5 % of the list (FLEPPC 2017). In Florida the rapid invasion of Lygodium 
microphyllum (Cav.) R. Br. has infested more than 40 000 ha of unique indigenous habitat 
(Goolsby 2004). The plant is able to survive in low-light conditions and its rapid spread is 
facilitated by year-round vegetative growth (high propagule pressure) and spore production 
(Volin et al. 2004; Robinson et al. 2010).  
Various anthropogenic factors and environmental and biological traits have shown to be 
useful predictors of species invasiveness (Kolar and Lodge 2001; van Kleunen et al. 2010; 
Richardson and Pyšek 2012; Moodley et al. 2016; Miller et al. 2017). Traits such as mode of 
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reproduction, dispersal strategy, plant height, growth rate and environmental tolerance may 
provide alien plants with a competitive advantage over native species thereby facilitating 
invasion (Kolar and Lodge 2001). In addition, certain environmental factors (such as habitat 
and climate suitability, lack of competition (including predation) and presence of 
anthropogenic disturbance) may render an area susceptible to invasion (Terzano et al. 2018). 
Propagule pressure and suitability for horticulture have been found to be important 
determinants of invasion success (Ruiz and Carlton 2003; Dehnen-Schmutz et al. 2007) and 
relate to introduction efforts by humans exceeding a plant’s natural dispersal capabilities. 
These effects, combined with longer residence times (time since first introduction) usually 
correlate with the increased likelihood of plants becoming naturalised or invasive and having 
larger areas of occupancy (Wilson et al. 2007; van Kleunen et al. 2010). There are site and 
invasion-stage dependent effects that influence the success of naturalisation or invasion in 
alien plants (Pyšek et al. 2012) and traits associated with invasiveness do not necessarily 
apply to all plant taxa (Dawson et al. 2009; Moodley et al. 2016).  
The majority of studies assessing invasive traits in alien plants focus on angiosperms (Kolar 
and Lodge 2001) but few studies have considered alien ferns even though their traits arguably 
present a plant taxon with high invasive potential (Robinson et al. 2010). Ferns differ most 
notably from angiosperms in terms of their reproductive systems by having two free-living 
generations namely gametophytes and sporophytes (de Groot et al. 2012). They reproduce by 
means of intergametophytic mating and recombination, or by sustaining homozygosity 
through intragametophytic selfing (i.e. self-fertilization of a single gametophyte) (Lloyd 
1974). Intragametophytic selfing is an important characteristic to consider with regards to 
invasive potential in ferns because self-fertilization has been shown to be aligned with long 
distance colonization (Stebbins 1957).  
Spores are able to tolerate unfavourable aerial conditions and once established, sporophytes 
display a high tolerance of varying soil nutrient levels and have the ability to photosynthesise 
under low light conditions. Less than 1 % of fern sporophytes exhibit desiccation tolerance 
with fewer genera (Notholaena, Cheilanthes and Asplenium) showing gametophyte revival 
after desiccation or dormancy (Page 2002; Watkins et. al 2007). Ferns furthermore pose 
resistance to predation, pathogens and fungal attack through photochemical armament but 
benefit from plant associations through the exploitation of mycorrhizae (Richardson and 
Walker 2010). Various ecological and reproductive characteristics thus aid in the successful 
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establishment of ferns in a wide range of habitats (Lott et al. 2003) and despite their evident 
invasive capabilities, ferns are often overlooked as invasive taxa. 
Ferns have a long evolutionary history and are diverse with approximately 9500 known 
species of terrestrial Polypodiophyta (Christenhusz and Chase 2014; The Plant List 2013). 
They inhabit a variety of environments but fern diversity in terms of numbers of species, 
genera and families, is generally greater in regions with a higher evapotranspiration potential, 
annual precipitation and topographic complexity (Kessler 2010). Up to ca. 60 % of ferns are 
found in the wet tropics and in wet mountainous areas ferns can represent up to 13 % of the 
local flora (de Winter and Amoroso 2003). In contrast, ferns are virtually absent in arid zones 
(with the exception of a few specifically adapted genera, e.g. Cheilanthes sp.) and are species 
poor in areas with Mediterranean type climates (Ferrer‐Castán and Vetaas 2005). Although 
species distribution and richness may be influenced by environmental factors such as climate, 
topography and soil, fern occurrence and abundance may also be largely influenced by the 
dispersal ability of a species (de Groot et al. 2012), source -sink effects (Leibold et al. 2004) 
and anthropogenic influences (de Winter and Amoroso 2003). 
Ferns hold little economic value, therefore cultivation for purposes other than horticulture is 
unlikely (de Winter and Amaroso 2003). Since the early 1800s humans have moved hundreds 
of species of ferns out of their natural ranges for horticultural purposes (Lowe 1864). Despite 
this it is estimated that globally only ca. 60 species of ferns are problematic because of their 
invasiveness (Robinson et al. 2010). Given their diversity, wide-ranging distribution and long 
horticultural history, ferns are a key taxon requiring systematic screening for invasiveness 
and assessment of traits associated with invasiveness. Our objectives were therefore to (i) 
develop a global inventory of terrestrial (non-aquatic) alien true ferns (Polypodiophyta; 
Christenhusz and Chase 2014; hereafter ‘alien ferns’) using literature and online inventories; 
(ii) determine the invasion status of each species; (iii) determine which traits (i.e. including. 
ecological, biological and anthropogenic) influence the probability that a terrestrial alien fern 
will become naturalised or invasive and (iv) highlight problematic species and families to 
inform future risk assessments. 
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Methods 
Inventory, Geographic Distribution and Family Representation 
In order to develop a global inventory of (terrestrial) alien ferns we surveyed various 
available sources which included: published literature; herbarium records; alien and invasive 
plant lists e.g. FLEPPC (http://www.fleppc.org) and Southern African Plaint Invaders Atlas 
(SAPIA); and local, regional or global online inventories (e.g. Atlas of living Australia 
(www.ala.org.au), Calflora (www.calflora.org), Centre for invasive species and ecosystem 
health (www.invasive.org), Delivering Alien Invasive Species Inventories for Europe 
(www.europe-aliens.org) and the Global Invasive Species Database (www.iucngisd.org). 
Searches were prompted using key terms such as “pteridophyte” OR “ferns” AND “alien” 
OR “invasive” OR “adventive” OR “naturalised” OR “non-native”. Synonyms among 
records in our inventory were removed and only species recognised (or considered 
‘unresolved’) by The Plant List (www.theplantlist.org) were retained.  
Species invasion status terminology has often been loosely applied in the invasion literature 
(Blackburn 2011). Therefore, to ensure consistency, we evaluated the accuracy and 
potentially modified the status of each species according the criteria of Falk-Peterson et al. 
(2006) and Blackburn et al. (2011). Not all records supplied comprehensive and current 
information, hence, some species’ status differ from that specified by the source. For each 
species we recorded information about mode of introduction but found that horticulture was 
the purpose for all introduced species, hence we ignored this variable in further analysis. We 
recorded the kingdom(s) and floristic region(s) from which a species was donated and 
floristic region(s) to which it was introduced (kingdoms and regions follow Takhtajan 1986).  
To gain an understanding of the geographic distribution of alien ferns, we assessed the 
frequency distribution of alien species in terms of their native floristic regions and introduced 
floristic regions. We also collected information on several ecological and biological attributes 
(Table 1) for each species using scientific literature, online databases, field identification 
guides, compendiums and open source websites (Supplementary 1). In similar studies it is 
common practice to control for phylogenetic constraints (Grotkopp and Rejmánek 2007; 
Pyšek and Richardson 2007; Moodley et al. 2016). However, phylogenetic relationships 
among existing and fossil ferns remain largely unresolved (Wolf 1998; Hennequin 2017) and 
is further constrained by the lack of information surrounding primitive or advanced character 
states (Roux 2001). To assess the prevalence of alien fern species in relation to family size 
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we calculated for each family, the proportion of the total number of accepted species in that 
family (according to The Plant List 2013) that have been introduced outside their native 
range. To assess whether alien species are overrepresented in certain families we then 
compared the proportion of each family that is alien to the proportion that is alien for 
terrestrial Polypodiophyta as a whole (9500 species; The Plant List 2013).  
Analysis of Traits Influencing Invasiveness 
We used generalised linear models (GLMs) with binomial response variables to assess which 
traits (i.e. explanatory variables, Table 1) are associated with invasion status (i.e. response 
variables; hereafter referred to as ‘status’). The modelled logistic function predicts the 
probability of changing status for a given set of traits. Since the relative importance of traits 
affecting invasiveness differs amongst the stages of invasion (Richardson and Pyšek 2012), 
we estimated the status change from (i) introduced to naturalised (transition one), (ii) 
naturalised to invasive (transition two), or (iii) introduced to invasive (transition three), with 
each transition coded as a binary response variable. The first transition along the 
introduction-naturalisation-invasion continuum (Richardson et al. 2000) could not be 
assessed as all native (i.e. non-alien) ferns could not be considered in this study given the size 
of the taxon. Instead we included transition three (introduced to invasive) in order to augment 
the size of the dataset for analysis of traits contributing to invasiveness.  
Prior to running the GLMs, we tested for collinearity between explanatory variables using 
Pearson’s correlation coefficient (Supplementary 2). We used r=0.6 as the cut-off point to 
jointly include variables in a model (Tabachnick and Fidell 1996). Number of native regions 
and number of native kingdoms were highly correlated. We first included number of native 
regions (and not number of native kingdoms) in our models as it has often been a significant 
predictor in similar studies (Moodley et al. 2013; 2016). However, number of native regions 
never contributed significantly, hence we rather retained number of native kingdoms.  
We used the output of the analysis of variance (ANOVA) to re-order the variables and 
relationships within the models from most significant to least significant. A manual 
backwards stepwise selection procedure was used to gradually remove the non-significant 
(P>0.05) variables, starting with the interaction terms. Variables and significant interactions 
were kept in the model even if they showed nonsignificant single effects. In such models, the 
order of the explanatory variables can have consequences on the remaining deviance 
explained by subsequent variables, hence their significance. Therefore, building several 
 CHAPTER 2: Global Assessment   23 
models and reordering variables enables robust conclusions. This also enabled us to test for 
the effect of variables that could be masked by partial correlation (i.e. weak collinearity). 
Furthermore, other studies have shown that, building hierarchical models allows for testing 
specific variables (Moodley et al. 2016; Pyšek et al. 2017). In our case, we forced residence 
time and number of introduced regions to be in our initial models as they have shown to have 
significant effects in previous studies (Wilson et al. 2007; Moodley et al. 2016). Ultimately, 
we fitted a logistic regression model using the backwards manual stepwise procedure to four 
potential initial models. 
To further test the robustness of our results, the same process was then repeated using a 
manual forward stepwise selection procedure and the function ‘stepAIC’ from package 
‘MASS’ (Venables and Ripley 2002) and using both a backward and forward procedure. This 
ensured that no variables potentially explaining deviance were missed in the manual 
backwards selection procedure. The variables identified in these procedures were consistent 
across models and therefore, for simplicity and ease of discussion, we only presented the 
results of the manual backwards procedure. Since we aimed to build a usable (i.e. simple) 
predictive model, we selected the models with a high explanatory power but with the least 
number of significant variables necessary to explain the probability of becoming naturalised 
or invasive. A model that is more biologically comprehensive and information-laden is likely 
to explain a greater proportion of the deviance but would be constrained by the availability of 
information on various species. To assess the predictive power of the final selected models 
we considered McFadden’s R squared values for logistic regression. The final model was 
used to calculate and plot the probability of an alien fern becoming naturalised or invasive. 
All analyses were conducted with the open source R software (version 1.1.383) (R 
Development Core Team 2013). 
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Table 1 Explanatory variables and interactions considered in the assessment of traits potentially 
associated with invasiveness in terrestrial alien true ferns (Polypodiophyta) 
Trait Variable type No. of 
modalities 
Explanation 
Mode of regeneration Categorical 2 (1) Adopts both methods of reproduction (vegetative 
and sexual) / (0) only adopts one method (vegetative or 
sexual) 
Life form Categorical 2 (1) Ground-dwellers (soil substrate, including 
geophytes, cryptophytes and hemicryptophytes) / (0) 
epiphytic (arboreal substrate) or lithophytic (rock or 
stone substrate)  
Growth form Categorical 2 (1) Rhizomal / (0) arborescent (e.g. tree fern) 
Wet habitat Categorical 2 (1) Preference for wet habitats (wetlands, streams, etc.) / 
(0) preference for drier habitats 
Disturbed habitat Categorical 2 (1) Preference for disturbed habitats (e.g. roadsides or 
plantation) / (0) preference for undisturbed habitat 
Light Categorical 4 Species occurs primarily in: 
full sun / 
full shade / 
semi-shade / 
all light forms  
Number of native regions 
(proxy for environmental 
tolerance) 
Continuous  A count of native floristic regions (based on Takhtajan 
1886) 
Number of native kingdoms 
(proxy for environmental 
tolerance) 
Continuous  A count of native kingdoms (based on Takhtajan 1886) 
Number of introduced regions 
(proxy for popularity in 
horticulture and 
environmental tolerance) 
Continuous  A count of introduced floristic regions (based on 
Takhtajan 1886) 
Residence time Continuous  Years (calculated as the time elapsed between the 
earliest recorded year in the introduced region or earliest 
year of publication and the year 2017) 
Disturbed habitat × light Interaction  To determine if light availability influences a fern’s 
occurrence in disturbed habitat) 
Number of introduced regions 
× life form 
Interaction  To consider the types of life forms that are more widely 
introduced (~ popularity in horticulture) 
Mode of regeneration × wet 
habitat 
Interaction  To consider the importance of water in fern 
reproduction 
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Results 
Inventory, Geographic Distribution and Family Representation 
The inventory comprised 157 species of alien ferns (Supplementary 1), which is ca. 1.6 % of 
the ca. 9500 recognised species of terrestrial polypodiophytes (after The Plant List). In terms 
of invasion status, 12 % of the recorded species were introduced but not naturalised, 49 % 
were naturalised but not invasive and 39 % were invasive. Geographic distribution of donated 
and received fern species at the scale of floristic kingdoms suggests little latitudinal 
constraint (Fig. 1). At the scale of floristic regions (FR) some patterns were evident. The 
Eastern Asiatic (FR 2) and Irano-Turanian (FR 8) donated the greatest numbers of species 
whereas few species originated from the Mediterranean (FR 6), Indian (FR 16) and the 
Indochinese (FR 17). Regions which received the most species were the Neozeylandic (FR 
35), Hawaiian (FR 21) and Circumboreal (FR 1) and although FRs 2 and 8 donated many 
species, they received few species.  
Specific species of concern that were shown to be invasive over extensive introduced ranges 
include Lygodium japonicum (Thunb.) Sw. Lygodium microphyllum (Cav.) R. Br. Adiantum 
raddianum C. Presl, Angiopteris evecta (G. Forst) Hoffm, Cyrtomium falcatum (L. f.) C. 
Presl, Macrothelypteris torresiana (Gaudich.) Ching. Nephrolepis cordifolia (L.) C. Presl, 
Phlebodium aureum (L.) J. Sm. Pityrogramma calomelanos (L.) Link, Pteris vittata L. and 
Sphaeropteris cooperi (F. Muell.) R.M. Tryon. 
Twenty-four families were represented by alien fern species. Alien species comprised 1.6 % 
of all recognised terrestrial polypodiophyte species. Families within which alien species were 
overrepresented relative to their size included the Psilotaceae, Nephrolepidaceae, 
Equisetaceae, Onocleaceae and Lygodiaceae (Fig. 2). In terms of absolute numbers of alien 
species contributed, Pteridaceae (37 species), Dryopteridaceae (21 species), Blechnaceae (12 
species), Polypodiaceae (11 species) and Dennstaedtiaceae (11 species) ranked the highest 
(Fig. 2). 
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Fig. 1 Numbers of terrestrial alien species of Polypodiophyta (true ferns) donated by native floristic 
regions (grey circles) and received by introduced floristic regions (black circles). The 35 floristic 
regions of the world fall into six floristic kingdoms (based on Takhtajan (1986)). The size of the circle 
corresponds to number of species 
 
 
Fig. 2 The prevalence of terrestrial alien species of Polypodiophyta (true ferns) in relation to family 
size (number of species), calculated as the proportion of the total number of species that are alien 
within each family, as well as for Polypodiophyta as a whole (respectively) 
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Traits Influencing Invasiveness 
The final model of the manual backwards stepwise selection procedure retained the variables 
mode of regeneration and number of introduced regions for the transition from introduced to 
naturalised (transition 1); number of introduced regions, light, life form and disturbed habitat 
for the transition from naturalised to invasive (transition two); and number of introduced 
regions, light, disturbed habitat, number of native kingdoms and mode of regeneration for the 
transition from introduced to invasive (transition three) (Table 2; Fig. 3). Growth form, wet 
habitat and residence time had no significant effect. The McFadden’s R squared values for 
logistic regression showed the variation explained by our models to be 30 % for transition 
one, 30 % for transition two, 40 % for transition three. 
Number of introduced regions significantly increased probability of species becoming 
naturalised or invasive. The ability to regenerate both sexually and vegetatively significantly 
increased the likelihood of changing from the ‘introduced’ status (transitions one and three) 
but had no effect on becoming invasive once naturalised (transition two). Similarly, disturbed 
habitats also promoted transitions from ‘introduced’ to other statuses, though marginally for 
transition two. Species with the ability to survive all types of light conditions or with a 
preference for full sun, had a higher probability to transition to “invasive” (transitions two 
and three) than shade tolerant species. Ground-dwelling species proved more likely to 
become invasive than epiphytes or lithophytes. Number of native kingdoms (our best 
available proxy for environmental tolerance) increased the likelihood to become invasive 
(transition three).
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Table 2 Variables retained by the stepwise backwards logistic regression (P < 0.10) for significantly 
influencing the probability of a terrestrial alien species of Polypodiophyta (true ferns) transitioning 
from introduced to naturalised (transition one), naturalised to invasive (transition two) or introduced 
to invasive (transition three) 
 Dev P value  Estimate SE 
Transition one      
Intercept    0.041 0.768 
Mode of regeneration a 7.556 0.006 **  1.803 0.704 
Number of introduced regions 2.911 0.088.  0.627 0.571 
Transition two      
Intercept    -4.648 1.647 
Number of introduced regions 19.875 8.267e-06 ***  0.320 0.105 
Light b 12.250 0.007 ** All:  
Semi-shade: 
Sun: 
2.596 
0.838 
1.057 
0.970 
0.852 
0.963 
Life form c 3.579 0.059.  2.410 1.386 
Disturbed habitat d 3.091 0.079.   0.771 0.439 
Transition three      
Intercept    -4.450 1.160 
Number of introduced regions 18.956 1.337e-05 ***  0.305 0.108 
Light b 12.678 0.005 **  All:  
Semi-shade: 
Sun: 
2.912 
1.273 
1.910 
1.051 
0.974 
1.080 
Disturbed habitat d 3.885 0.049 *  0.929 0.465 
Number of native kingdoms 4.048 0.044 *   0.435 0.236 
Mode of regeneration a 4.399 0.036 *   0.947 0.465 
a The reference level included in the intercept is sexual or vegetative reproduction only; the estimate displayed is 
for a species displaying both modes of regeneration. 
b The reference level included in the intercept is shade; the estimate displayed is for all types of light, semi-
shade and sun. 
c The reference level included in the intercept is epiphyte or lithophyte; the estimate displayed is for ground-
dwelling species. 
d The reference level included in the intercept is for a species showing preference for undisturbed habitat; the 
estimate displayed is for a species showing preference for disturbed habitat. 
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Fig. 3 The relative probability of a terrestrial alien species of Polypodiophyta (true ferns) transitioning from (a) introduced to naturalised (transition one), (b–
d) naturalised to invasive (transition two), or (e–h) introduced to invasive (transition three) for significant variables (details in Table 1) in relation to the effect 
of number of introduced regions as it was always significant. We fixed model variables not displayed in each graph to their intercept values to better describe 
the relative probabilities associated with the variations of the variable displayed in addition to number of introduced regions. For binary variables, 1’s and 0’s 
follow the descriptions provided in Table 1 
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Discussion 
Our global inventory of alien ferns showed that there are significantly more alien species 
(157) than the ca. 60 species noted by Robinson et al. (2010). An estimated 3.9 % of the 
global vascular flora have naturalised or become invasive (van Kleunen et al. 2015) which is 
a significantly higher proportion than what we found for alien ferns (0.02 % are alien of 
which half have naturalised or become invasive). However, due to the poor recording of alien 
ferns and their invasion status in inventories, there are likely to be more alien fern species 
than we recorded. In fact, a fern is likely to be noted only once it has become an established 
and ecologically damaging invader (de Winter and Amoroso 2003), which likely explains the 
underrepresentation of introduced species in our study. 
Similar studies screening for invasiveness identified a strong relationship between invasion 
status and the extent of the species’ native and introduced ranges (Rejmanek and Richardson 
1996; Pyšek et al. 2009; Moodley et al. 2013; Moodley et al. 2016; Latombe et al. 2017). 
Similarly, in our study, number of introduced regions had a significant effect on species at 
each stage of transition and species with a higher number of native kingdoms showed a 
greater probability of becoming invasive than those with a smaller native range. In general, 
climate, species specific ecological requirements, ease of dispersal and the availability of 
suitable habitat largely determine the distribution of fern species (Kessler 2010). In our study 
however, the geographical distribution of donated and received species (Fig.1) appears to 
have been determined largely by anthropogenic influences as no particular longitudinal 
patterns are evident. Furthermore, all species were introduced for horticultural purposes. 
Floristic regions with large numbers of donated or received fern species typically had (i) an 
overrepresentation of alien or invasive plants generally (e.g. on islands such as England, New 
Zealand and Hawaii; Vernon and Ranker 2013); (ii) well-studied alien fern invasions (e.g. 
Hawaii, FR 21; Wilson 2002); (iii) many native fern species with horticultural value (e.g. 
Southeast Asia, FR 2 and 8; de Winter and Amoroso 2003); and (iv) long histories of 
horticultural introductions (e.g. Europe, FR1, Hawaii, FR 21 and New Zealand, FR 35; van 
Kleunen et al. 2018; Smith 1895). These findings compare well with trends observed in alien 
angiosperms (Richardson et al. 2011; Moodley et al. 2013; van Kleunen et al. 2018). 
Ferns are selected in horticulture for their full foliage appearance, compact size, evergreen 
habit, unique characteristics (colour, texture or shape), high reproductive ability, fast growth 
rate and high environmental tolerance (de Winter and Amoroso 2003). Plant traits that are 
popular in horticulture often facilitate the invasiveness of a species (Dehnen-Schmutz et al. 
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2007). In our study, we interpreted number of introduced regions as a proxy for popularity in 
horticulture. This is in line with van Kleunen et al. (2018) whom showed that although not all 
popular horticultural plants are invasive, the vast majority (75 % - 93 %) of the current global 
naturalised alien flora are those with ornamental horticultural origins and that horticulture 
still plays a significant role in introduction of plants across the globe. In our inventory of 
alien ferns, families within which aliens were overrepresented often had species that were 
invasive over extensive introduced ranges and were popular in horticulture (Fig. 2; 
Supplementary1). The recorded families generally concur with those suggested by 
horticultural plant guides, e.g. Young (1996) listed species from the families Pteridaceae, 
Blechnaceae, Davalliaceae, Dennstaedtiaceae, Nephrolepidaceae and Lygodiaceae; and 
species such as Lygodium japonicum (Thunb.) Sw. Lygodium microphyllum (Cav.) R. Br. 
Angiopteris evecta (G. Forst) Hoffm. Pteris vittata L. and Sphaeropteris cooperi (F. Muell.) 
R.M. Tryon. were identified as species of concern in our study but have also previously been 
identified as serious invaders (Medeiros et al. 1992; Robinson et al. 2010).  
Our study supports the notion that progression along the introduction-naturalisation-invasion 
continuum is mediated by stage-dependent traits (Richardson and Pyšek 2012; Moodley et al. 
2016). The general likelihood of an alien fern species becoming naturalised or invasive once 
introduced was high (Fig. 3) compared to what is known for other taxa (Williamson and 
Fitter 1996). Alien ferns have an 80 % chance of becoming naturalised if they possess the 
ability to regenerate both sexually and vegetatively. Mode of regeneration is often a 
significant predictor of invasive success in various species (Kolar and Lodge 2001) but is not 
necessarily a consistent predictor across all taxa. In Proteaceae, invasiveness was related to 
regeneration mode where resprouters were more likely to naturalise while reseeders were 
more likely to invade (Moodley et al. 2013), but no relationship was evident in Araceae 
(Moodley et al. 2016). The combination of multiple reproductive modes and the ability to 
occupy sun-exposed sites are dual traits shared by many invasive fern species (Robinson et 
al. 2010; Arosa et al. 2012). Higher light conditions/ availability can enable faster growth 
rates which in turn should increase invasiveness, whereas shaded environments can limit the 
spread of various fern species (Mehltreter and Sharpe 2013). Accordingly, the ability to 
survive under all light forms or high light conditions (e.g. the highly invasive Angiopteris 
evecta (G. Forst.) in Hawaii; Christenhusz 2008) increased the probability of alien ferns 
becoming invasive, whereas strictly shade-loving species held a lower potential for 
invasiveness. Furthermore, ferns that have characteristics which allow them to survive in 
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habitats of low nutrients and high-light conditions are best adapted to grow in disturbed areas 
(Walker and Sharpe 2010). 
Disturbance, especially those caused by human activities (e.g. landslides, cliffs, roads and 
railways, fire regimes and plantations) commonly promotes the spread and proliferation of 
invasive plants and generally reduces resistance to invasion by intact native communities 
(Hobbs and Huenneke 1992; Richardson et al. 2011; Baard and Kraaij 2014; Terzano et al. 
2018). In our study disturbance facilitated the transition from naturalised to invasive in alien 
fern species, similarly Robinson et al. (2010) and Walker and Sharpe (2010) found that 
disturbance promoted invasive behaviour in alien ferns by increasing growth and subsequent 
regeneration. Ferns thrive in urban environments and can establish successfully in and on 
manmade surfaces such as the under hangs of bridges, old cracked walls and drainage canals 
(Morajkar et al. 2015). In South Africa, Sphaeropteris cooperi (F. Muell.) R.M. Tryon. 
occurs in higher densities in commercial timber plantations (associated with disturbance) than 
in undisturbed indigenous forest (E Jones, unpublished data). Fern species have also been 
found in great densities in vanilla plantations in Mexico (Mehltreter 2006) and in oil 
plantations in parts of Indonesia (Sofiyanti 2013). 
We found that alien ferns with a ground-dwelling life form, rather than epiphytic or 
lithophytic, were more likely to become invasive. Similarly, ground-dwelling alien ferns 
accounted for most of the invasive fern species recorded in Hawaii, whereas very few were 
epiphytic (Robinson et al. 2010; Wilson 2002). In contrast to ground-dwellers, epiphytes are 
generally limited by the availability of the particular surfaces on which they grow and are 
more likely to be exposed to water stress because they are rooted in shallower substrates 
(Mehltreter and Sharpe 2013). However, exceptions do exist, for instance Platycerium 
bifurcatum (Cav.) C. Chr. grows in large colonies in its native (Pemberton 2003) and invaded 
(EJJ pers. obs.) habitat, where it is able to form extensive chains within a single tree and 
commonly spreads to trees adjacent to the parent population. Just as certain ground-dwelling 
species may depend on particular soil characteristics, so too do epiphytic and lithophytic 
species depend on the particular characteristics of their host substrate, therefore a greater 
understanding of how environmental factors influence richness amongst fern life forms is 
needed (Richardson and Walker, 2010). 
Propagule pressure is another significant predictor of invasiveness in various plant taxa 
(Colautti 2006) and involves the number of reproductive propagules and the rate at which 
they arrive in an area per unit time (Williamson 1996; Simberloff 2009). Some studies 
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screening for invasiveness use several measures as a proxy for propagule pressure, one of 
which is the number of introduced regions (Colautti et al. 2006; Zenni and Simberloff 2013; 
Moodley et al. 2016). Although introductions of a species across numerous floristic regions 
may in some cases concur with extensive introduction efforts within a region (and as such 
serve as a proxy for propagule pressure), this relation cannot be assumed, particularly at the 
scale of global floristic regions. We argued that the introduction of a species within one 
floristic region cannot facilitate invasion of that species in another floristic region and rather 
interpreted number of introduced regions and number of native kingdoms (at yet a larger 
spatial scale), as proxies for environmental tolerance (cf. Dehnen-Schmutz et al. 2007). In our 
study, a larger number of native kingdoms significantly promoted the transition to invasive 
suggesting that high environmental tolerance in alien ferns increases their invasive potential. 
Additional factors that could not be assessed in this study include aspects such as leaf life 
span (Mehltreter and Sharpe 2013), frond size, plant size, growth rate, spore load and 
longevity (Durand and Goldstein 2001), the ability to alter soil function (Chau et al. 2013), 
the use of chemical defence and the presence of natural enemies or predators (Robinson et al. 
2010). These traits were considered in other studies on invasive ferns and are traits displayed 
by popular horticultural species, they are likely to influence invasiveness in alien ferns and 
warrant further investigation. Furthermore, although the life stages of a fern (i.e. gametophyte 
and sporophyte) are considered independent and their ecological requirements for survival 
differ, it is the gametophytic life stage that determines the site of origin of the sporophyte 
(Sharpe et al. 2010). As such, the sporophyte is forced to adapt to the site ‘chosen’ by the 
gametophyte and it is at this stage that the greatest number of individuals fail (Page 2002) e.g. 
gametophytes of some species have been recorded as being more stress tolerant (Sato and 
Sakai 1981) and inhabiting areas inhospitable (Peck et al. 1990) to their sporophyte form. 
There is an evident contrast in the ecology of gametophytes and sporophytes (Page, 2002) 
and the manner in which the disparate requirements of these different life stages affect 
species’ distribution ranges or their invasive potential has not yet been explored but may 
further explain distribution and invasiveness in alien ferns (Sharpe et al. 2010). 
 
Conclusion  
Our model explained 30-40 % of the variance associated with invasiveness in terrestrial alien 
ferns and highlighted that a ground-dwelling life form, reproductive plasticity, tolerance for 
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disturbance and varied light conditions and a broad introduced range (hence a high 
environmental tolerance and popularity in horticulture) are important determinants of 
invasiveness. Furthermore, our study supported that there are invasion-stage dependent 
effects, whereby a trait or set of traits becomes important during different invasion stages 
(Pyšek et al. 2009). We found that some mechanisms driving invasiveness in alien ferns are 
similar to those in other taxa, e.g. thriving under high light conditions and disturbance 
(Richardson and Pyšek 2012). Horticulture is a well-documented driver of invasiveness in 
various alien species (Dehnen-Schmutz et al. 2007) and appeared to have been highly 
influential in the spread and successful establishment of alien ferns, supported by the 
significant influence of number of introduced regions as a predictive variable. Terrestrial 
ferns have to date been largely overlooked as a likely invasive taxon, but this study showed 
that some ferns have high invasive potential. We identified additional biological traits of 
ferns that may influence invasiveness and warrant further study. Divergent ecological 
requirements and tolerances of the two life stages (gametophyte and sporophyte) of ferns may 
be of particular importance in their invasion success. In conclusion, this study initiated the 
identification of traits associated with invasiveness in ferns and highlighted aspects that 
require further investigation. 
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Supplementary Materials 
Supplementary 1 Global inventory of terrestrial alien true ferns (Polypodiophyta). Due to page size limitations, only key attributes commonly referred to in 
the text are shown here but the comprehensive inventory as it occurs with the published article is available online at https://doi.org/10.1007/s10530-018-1866-
1. 
Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Adiantum capillus-veneris L. Pteridaceae Naturalised Sexual Ground-dwelling 
Lithophyte 
Semi-shade 25 
Adiantum caudatum L. Pteridaceae Introduced Sexual Ground-dwelling 
Lithophyte 
Semi-shade 3 
Adiantum concinnum Humb. & Bonpl. ex Willd. Pteridaceae Introduced Sexual Ground-dwelling 
Lithophyte 
Semi-shade 16 
Adiantum diaphanum Blume Pteridaceae Introduced Sexual Ground-dwelling 
Lithophyte 
Semi-shade 16 
Adiantum hispidulum Sw. Pteridaceae Naturalised Both Ground-dwelling 
Lithophyte 
Semi-shade 5 
Adiantum latifolium Lam. Pteridaceae Introduced Sexual Ground-dwelling Semi-shade 16 
Adiantum pulverulentum L. Pteridaceae Introduced Sexual Ground-dwelling All 16 
Adiantum trapeziforme L. Pteridaceae Naturalised Both Ground-dwelling Semi-shade 19 
Adiantum hispidulum Sw. Pteridaceae Invasive Apogymous Ground-dwelling 
Lithophyte 
All 21 
Adiantum lunulatum Burm. f. Pteridaceae Naturalised Both Ground-dwelling Shade 3, 4, 9 
Adiantum poiretii Wikstr. Pteridaceae Introduced 
 
Ground-dwelling 
Lithophyte 
Semi-shade 16 
Adiantum polyphyllum Willd. Pteridaceae Introduced 
 
Ground-dwelling Semi-shade 25 
Adiantum raddianum C. Presl Pteridaceae Invasive Both Ground-dwelling Semi-shade 5 
Adiantum tenerum Sw. Pteridaceae Naturalised Sexual Ground-dwelling Semi-shade 18 
Amblovenatum opulentum J.P. Roux Thelpteridaceae Naturalised 
 
Ground-dwelling Shade 25 
Anemia phyllitidis (L.) Sw. Anemiaceae Introduced 
 
Ground-dwelling 16 
Angiopteris evecta (G.Forst) Hoffm Marattiaceae Invasive Both Ground-dwelling All 21 
 CHAPTER 2: Global Assessment          41 
Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Angiopteris lygodiifolia Rosenst. Marattiaceae Naturalised Both Ground-dwelling All 2 
Asplenium aethiopicum (N.L.Burm.) Becherer Aspleniaceae Invasive Apogymous All Sun 35 
Asplenium foresiense Legrand Aspleniaceae Naturalised Apogymous Ground-dwelling Semi-shade 1 
Asplenium scolopendrium L. Aspleniaceae Introduced Both Ground-dwelling All 33 
Asplenium x lucrosum Perrie et Brownsey Aspleniaceae Naturalised Vegetative Ground-dwelling 35 
Athyrium filix-femina (L.) Roth Athyriaceae Naturalised Sexual Ground-dwelling Semi-shade 35 
Athyrium otophorum (Mig.) Koidz. Athyriaceae Naturalised Sexual Ground-dwelling Semi-shade 35 
Balantium antarcticum (Labill.) C. Presl Dicksoniaceae Invasive Sexual Ground-dwelling Semi-shade 5 
Blechnum appendiculatum Willd. Blechnaceae Invasive Both Ground-dwelling 
Lithophyte 
Shade 21 
Blechnum cordatum (Desv.) Hieron Blechnaceae Naturalised Both Ground-dwelling Semi-shade 1 
Blechnum punctulatum Sw. Blechnaceae Naturalised Both Ground-dwelling 
Lithophyte 
Shade 35 
Blechnum spicant (L.) Roth Blechnaceae Invasive Sexual Ground-dwelling All 1 
Blechnum gibbum Mett. Blechnaceae Introduced Sexual Ground-dwelling Semi-shade 19 
Blechnum occidentale L. Blechnaceae Invasive Both Ground-dwelling Semi-shade 21 
Blechnum orientale Blechnaceae Invasive 
   
29, 30, 31 
Blechnum orientale Blechnaceae Invasive 
   
2 
Blechnum orientale L. Blechnaceae Naturalised Both Ground-dwelling Semi-shade 21 
Blechnum penna-marina (Poir.) Kuhn Blechnaceae Naturalised Both Ground-dwelling Semi-shade 1 
Ceterach officinarum Willd. Aspleniaceae Naturalised Sexual Ground-dwelling 
Lithophyte 
Sun 1 
Cheilanthes lendigera (Cav.) Sw. Pteridaceae Naturalised Sexual Ground-dwelling Sun 35 
Cheilanthes viridis Pteridaceae Naturalised Sexual Ground-dwelling Shade 29, 30, 31 
Cheilanthes viridis Pteridaceae Naturalised Sexual Ground-dwelling Shade 35 
Cheilanthes viridis Pteridaceae Naturalised Sexual Ground-dwelling Shade 3 
Cheilanthes viridis Sw. Pteridaceae Naturalised Sexual Ground-dwelling Shade 21 
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Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Cheilanthes notholaenoides (Desv.) Maxon ex 
Weath. 
Pteridaceae Introduced Sexual Ground-dwelling 
Lithophyte 
Sun 3, 4, 9 
Christella dentata Thelpteridaceae Invasive Sexual Ground-dwelling Semi-shade 23 
Christella dentata (Forssk.) Thelpteridaceae Invasive Sexual Ground-dwelling Semi-shade 21 
Cyclosorus parasiticus (L.) Farw. Thelpteridaceae Invasive Sexual Ground-dwelling All 21 
Cyrtomium falcatum Dryopteridaceae Naturalised Apogymous Ground-dwelling 
Lithophyte 
Semi-shade 5 
Cyrtomium falcatum (L. f.) C. Presl Dryopteridaceae Invasive Apogymous Ground-dwelling 
Lithophyte 
Semi-shade 3, 4, 9 
Cyrtomium fortunei J. Sm. Dryopteridaceae Naturalised Apogymous Ground-dwelling Semi-shade 1 
Cystopteris bulbifera (L.) Bernh. Woodsiaceae Naturalised Both Lithophyte Semi-shade 1 
Cystopteris fragilis (L.) Bernh. Dryopteridaceae Naturalised Both Ground-dwelling 
Lithophyte 
Semi-shade 35 
Davallia fejeensis Hook. Davalliaceae Naturalised Both Epiphyte Semi-shade 21 
Davallia griffithiana Hook. Davalliaceae Naturalised Both Ground-dwelling 
Lithophyte 
Semi-shade 35 
Davallia mariesii Baker Davalliaceae Naturalised Both Epiphyte Shade 35 
Dennstaedtia davallioides T. Moore Dennstaedtiaceae Naturalised Both Ground-dwelling Semi-shade 35 
Dennstaedtia samoensis (Brack.) T.Moore Dennstaedtiaceae Introduced 
 
Ground-dwelling Semi-shade 35 
Dennstaedtia punctilobula (Michx.) T. Moore Dennstaedtiaceae Invasive Both Ground-dwelling Semi-shade 3 
Deparia japonica (Thunb.) M. Kato Athyriaceae Invasive Sexual Ground-dwelling 
Lithophyte 
Semi-shade 11, 12 
Deparia petersenii Athyriaceae Invasive Both Ground-dwelling All 15 
Deparia petersenii Athyriaceae Invasive Both Ground-dwelling All 5 
Deparia petersenii (Kunze) M. Kato Athyriaceae Invasive Both Ground-dwelling All 21 
Dicksonia fibrosia Col. Dicksoniaceae Naturalised Sexual Ground-dwelling Semi-shade 35 
Dicksonia squarrosa Dicksoniaceae Invasive Both Ground-dwelling All 35 
Dicranopteris linearis Gleicheniaceae Invasive Both All Semi-shade 18 
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Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Dicranopteris linearis Gleicheniaceae Invasive Both All Semi-shade 16 
Dicranopteris linearis (Burm. f.) Underw. Gleicheniaceae Naturalised Both All Semi-shade 26 
Diplazium esculentum (Retz.) Sw. Athyriaceae Naturalised Both Ground-dwelling Semi-shade 5 
Diplazium proliferum (Lam.) Thouars Athyriaceae Introduced Both Ground-dwelling Semi-shade 25 
Diplazium esculentum (Retz.) Sw. Athyriaceae Invasive Both Ground-dwelling Semi-shade 21 
Doodia caudata (Cav.) R. Br. Blechnaceae Invasive Apogymous Ground-dwelling 
Lithophyte 
All 11 
Doodia kunthiana Gaudich. Blechnaceae Invasive Apogymous Ground-dwelling 
Lithophyte 
All 21 
Dryopteris cycadina (Franch. et Sav.) C.Chr. Dryopteridaceae Naturalised Both Ground-dwelling Semi-shade 35 
Dryopteris inaequalis (Schltdl.) Kuntze Dryopteridaceae Naturalised Both Ground-dwelling All 35 
Dryopteris ludoviciana Dryopteridaceae Naturalised Sexual Ground-dwelling 3 
Dryopteris oreades Dryopteridaceae Naturalised Sexual Ground-dwelling Sun 1 
Dryopteris X australis Dryopteridaceae Naturalised Sexual Ground-dwelling 3 
Dryopteris affinis Fraser-Jenk. Dryopteridaceae Invasive Apogymous Ground-dwelling Semi-shade 35 
Dryopteris dilatata (Hoffm.) A. Gray Dryopteridaceae Introduced Sexual Ground-dwelling Semi-shade 33 
Dryopteris filix-mas (L.) Schott Dryopteridaceae Introduced Apogymous Ground-dwelling 
Epiphyte 
Sun 33 
Equisetum arvense L. Equisetaceae Invasive Both Ground-dwelling Sun 35 
Equisetum fluviatile L. Equisetaceae Naturalised Both Ground-dwelling Sun 35 
Equisetum hyemale L. Equisetaceae Invasive Both Ground-dwelling Semi-shade 35 
Equisetum variegatum Schleich. Equisetaceae Naturalised Both Ground-dwelling Sun 1 
Equisetum arvense Equisetaceae Invasive Both Ground-dwelling Sun 1 
Equisetum palustre L. Equisetaceae Undetermined Both Ground-dwelling Sun 1 
Equisetum ramosissimum Desf. Equisetaceae Naturalised Both Ground-dwelling Sun 1 
Equisetum telmateia Equisetaceae Invasive Both Ground-dwelling Sun 3,4,9 
Gleichenia dicarpa Gleicheniaceae Invasive Both Ground-dwelling Sun 35 
Gleichenia japonica Gleicheniaceae Invasive Both Ground-dwelling All 2 
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Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Gleichenia pectinata Gleicheniaceae Invasive Both Ground-dwelling All 3, 4, 9, 25, 26, 
27, 33 
Hemionitis tomentosa (Lam.) Raddi Pteridaceae Naturalised 
 
Ground-dwelling 16 
Histiopteris incisa Dennstaedtiaceae Invasive 
 
Ground-dwelling Semi-shade 29,30,31,35 
Hypolepis muelleri Dennstaedtiaceae Invasive 
 
Ground-dwelling 30, 31 
Hypolepis rugosula Dennstaedtiaceae Invasive 
 
Ground-dwelling Semi-shade 29, 30, 31 
Lindsaea ensifolia Sw. Lindsaeaceae Naturalised Sexual Ground-dwelling 
Epiphyte 
All 21 
Lygodium flexuosum (L.) Sw. Lygodiaceae Invasive Sexual Ground-dwelling 
Epiphyte 
All 25 
Lygodium microphyllum Lygodiaceae Invasive Sexual Ground-dwelling 
Epiphyte 
All 3 
Lygodium venustum Lygodiaceae Invasive Sexual Ground-dwelling 
Epiphyte 
All 23 
Lygodium japonicum (Thunb.) Sw. Lygodiaceae Invasive Sexual Ground-dwelling 
Epiphyte 
All 3 
Macrothelypteris torresiana (Gaudich.) Ching Thelpteridaceae Naturalised Sexual Ground-dwelling Shade 25 
Matteuccia struthiopteris (L.) Tod. Onocleaceae Naturalised Both Ground-dwelling Semi-shade 1 
Microlepia platyphylla (D. Don) J.E. Sm. Dennstaedtiaceae Naturalised Both Ground-dwelling Semi-shade 5 
Microlepia strigosa (Thunb.) C. Presl Dennstaedtiaceae Invasive Both Ground-dwelling Semi-shade 21 
Microsorum scandens Tindale Polpodiaceae Introduced Both All Shade 28 
Nephrolepis brownii (Desv.) Hovenkamp & 
Miyam. 
Nephrolepidaceae Invasive Both Ground-dwelling Sun 3 
Nephrolepis cordifolia (L.) C. Presl Nephrolepidaceae Introduced Both Ground-dwelling 
Epiphyte 
All 25 
Nephrolepis exaltata (L.) Schott Nephrolepidaceae Naturalised Both Ground-dwelling 
Epiphyte 
Semi-shade 23 
Nephrolepis falcata (Cav.) C. Chr. Nephrolepidaceae Invasive Both Ground-dwelling 
Epiphyte 
Semi-shade 21 
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Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Nephrolepis hirsutula (G. Forst.) C. Presl Nephrolepidaceae Naturalised Both Ground-dwelling Semi-shade 21 
Nephrolepis multiflora (Roxb.) F.M. Jarrett ex 
C.V. Morton 
Nephrolepidaceae Naturalised Both Ground-dwelling Semi-shade 21 
Nephrolepis biserrata (Sw.) Schott Nephrolepidaceae Invasive Both Ground-dwelling Semi-shade 21 
Onoclea sensibilisL. Onocleaceae Naturalised Sexual Ground-dwelling Semi-shade 1 
Onychium japonicum (Thunb.) G. Kunze Pteridaceae Naturalised 
 
Ground-dwelling Shade 5 
Ophioglossum costatum R. Br. Ophioglossaceae Naturalised Both Ground-dwelling Semi-shade 25 
Ophioglossum pendulum L. Ophioglossaceae Naturalised Sexual Epiphyte Semi-shade 3 
Ophioglossum reticulatum L. Ophioglossaceae Naturalised Both Ground-dwelling Semi-shade 3 
Osmunda regalis L. Osmundaceae Naturalised Sexual Ground-dwelling Sun 35 
Paesia scaberula Dennstaedtiaceae Invasive Sexual Ground-dwelling Sun 35 
Pellaea ternifolia (Cav.) Link Pteridaceae Naturalised Sexual Ground-dwelling 
Lithophyte 
Sun 21 
Pellaea viridis (Forssk.) Prantl Pteridaceae Introduced Sexual Ground-dwelling 
Lithophyte 
Sun 16 
Phlebodium aureum (L.) J. Sm. Polpodiaceae Naturalised Both All Semi-shade 21 
Phymatosorus grossus (Langsd. & Fisch.) 
Brownlie 
Polpodiaceae Naturalised Both Ground-dwelling Semi-shade 21 
Phymatosorus diversifolius (Willd.) Pic. Serm. Polpodiaceae Naturalised Both Ground-dwelling 
Epiphyte 
Semi-shade 1 
Phymatosorus scolopendria (Burm. f.) Pic. 
Serm. 
Polpodiaceae Invasive Both All Semi-shade 9 
Pityrogramma calomelanos (L.) Link Pteridaceae Naturalised Sexual Ground-dwelling 
Lithophyte 
Semi-shade 21 
Pityrogramma calomelanos var. 
austroamericana (Domin) Farw. 
Pteridaceae Naturalised Sexual Ground-dwelling 
Lithophyte 
Semi-shade 21 
Pityrogramma chrysophylla (Sw.) Link Pteridaceae Introduced Sexual Ground-dwelling 
Lithophyte 
All 21 
Pityrogramma ebenea (L.) Proctor Pteridaceae Naturalised Sexual Ground-dwelling All 5 
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Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Pityrogramma dealbata (C. Presl) Pteridaceae Introduced Sexual Ground-dwelling All 16 
Pityrogramma sulphurea (Sw.) Maxon Pteridaceae Introduced Sexual Ground-dwelling All 16 
Platycerium bifurcatum (Cav.) C. Chr. Polpodiaceae Invasive Sexual Epiphyte All 3 
Platycerium superbum Polpodiaceae Naturalised Sexual Epiphyte All 21 
Plenasium angustifolium A.E.Bobrov Osmundaceae Naturalised Sexual Ground-dwelling Semi-shade 16 
Polypodium hesperium Maxon Polpodiaceae Naturalised Sexual Lithophyte Shade 1 
Polypodium vulgare L. Polpodiaceae Naturalised Sexual Ground-dwelling 
Lithophyte 
Semi-shade 35 
Polypodium australe Fée Polpodiaceae Undetermined Sexual Lithophyte Shade 9 
Polystichum aculeatum (L.) Roth ex Mert. Dryopteridaceae Naturalised Both Ground-dwelling 
Lithophyte 
Semi-shade 1 
Polystichum lentum (D. Don) T. Moore Dryopteridaceae Naturalised 
 
Ground-dwelling 
Lithophyte 
Semi-shade 35 
Polystichum lonchitis (L.) Roth Dryopteridaceae Naturalised Sexual Ground-dwelling 
Lithophyte 
Semi-shade 1 
Polystichum munitum (Kaulf.) C.Presl Dryopteridaceae Naturalised Both Ground-dwelling Shade 1 
Polystichum polyblepharum (Roem. ex Kunze) 
C.Presl 
Dryopteridaceae Naturalised Apogymous Ground-dwelling Semi-shade 35 
Polystichum proliferum R. Br. Dryopteridaceae Naturalised Both Ground-dwelling Semi-shade 35 
Polystichum setiferum (Forsskal) Woynar Dryopteridaceae Naturalised 
 
Ground-dwelling Semi-shade 35 
Polystichum braunii (Spenn.) Fée Dryopteridaceae Naturalised Both Ground-dwelling Semi-shade 1 
Psilotum nudumL. Grisebach Psilotaceae Invasive Both All Semi-shade 21 
Pteridium aquilinum (L.) Kuhn Dennstaedtiaceae Invasive Both Ground-dwelling Semi-shade 11,28,12 
Pteridium aquilinum subsp. decompositum (Gau
dich.) 
Dennstaedtiaceae Invasive Both Ground-dwelling Semi-shade 21 
Pteris cretica L. Pteridaceae Invasive Apogymous Ground-dwelling Semi-shade 3 
Pteris dentata subsp. flabellata (Thunb.) 
Runemark 
Pteridaceae Naturalised 
 
Ground-dwelling Semi-shade 35 
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Species Family Invasion status Mode of 
regeneration 
Life form Light condition Introduced 
floristic region 
Pteris multifida Poir. Pteridaceae Naturalised Both Ground-dwelling 
Lithophyte 
Shade 3 
Pteris pacifica Hieron Pteridaceae Naturalised Sexual Ground-dwelling Semi-shade 35 
Pteris tremula R.Br. Pteridaceae Invasive Both Ground-dwelling Semi-shade 11, 28 
Pteris tripartita Sw. Pteridaceae Introduced Both Ground-dwelling Semi-shade 25 
Pteris vittata L. Pteridaceae Naturalised Both Ground-dwelling All 25 
Pteris x delchampsii Pteridaceae Invasive 
 
Ground-dwelling Semi-shade 3 
Pteris ensiformis Burm. f. Pteridaceae Naturalised Both Ground-dwelling Semi-shade 23 
Pyrrosia piloselloides Polpodiaceae Naturalised 
 
Epiphyte Semi-shade 21 
Rumohra adiantiformis (Forster) Ching Dryopteridaceae Naturalised Both Ground-dwelling Semi-shade 1 
Sphaeropteris cooperi Cyatheaceae Naturalised Sexual Ground-dwelling Semi-shade 30,31 
Sphaeropteris cooperi (F. Muell.) R.M. Tryon Cyatheaceae Naturalised Sexual Ground-dwelling Semi-shade 9 
Sphenomeris chinensis (L.) Maxon Lindsaeaceae Undetermined Both Ground-dwelling Semi-shade 21 
Tectaria incisa Cav. Tectariaceae Invasive Both Ground-dwelling 
Lithophyte 
Semi-shade 3 
Thelypteris kunthii (Desv.) C.V. Morton Thelpteridaceae Invasive Both Ground-dwelling Semi-shade 3 
Woodwardia radicans (L.) Sm. Blechnaceae Naturalised Both Ground-dwelling Semi-shade 7 
 
  
 CHAPTER 2: Global Assessment          48 
Supplementary 2 Results on multicollinearity among explanatory variables using Pearson’s correlation coefficient 
 
Number of introduced 
regions 
Residence time Number of native 
kingdoms 
Residence Time 0.449 
 
  
Number of native 
kingdoms 
0.190 0.162 
 
Number of native regions 0.058 0.067 0.755 
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CHAPTER 3: Terrestrial Alien Ferns (Polypodiophyta) in South 
Africa: Distribution, Abundance and Habitat Associations 
Abstract 
Alien ferns are severely under-represented in the invasion biology literature, but a recent 
global study has shown that ferns have a high invasive potential. The extent of alien fern 
invasions in South Africa has not yet been assessed, therefore this study aimed to provide an 
account of the distribution, abundance and invasion status of terrestrial alien true ferns 
(Polypodiophyta) in South Africa. Field surveys were conducted across South Africa in 
habitats suitable for ferns, guided by existing records of alien ferns. Thirteen species were 
identified, all of which were considered as invasive and approximately 5000 plants were 
recorded across 300 localities. Species richness peaked along the Indian Ocean Coastal Belt 
and the Afro-montane phytogeographical regions. Using multiple component analysis, we 
showed that alien ferns were more commonly associated with relatively closed canopy 
habitats (in natural, semi-natural and transformed forms of vegetation) and closer to water in 
comparison to more open habitats further from water. Most species showed preference for 
indigenous forested habitats, which were highlighted as focal points for alien fern mangament 
in South Africa. Four species are potential targets for eradication and should be listed under 
Category 1a under the Alien and Invasive Species regulations of the National Environmental 
Management: Biodiversity Act. The remaining species occupied an extensive geographic 
range (therefore eradication is not feasible) and should be listed under Category 1b. Based on 
their high prominence and generalist selection of habitat, Adiantum raddianum, Sphaeropteris 
cooperi, Deparia japonica and Pteris tremula were deemed species of concern. A risk 
analysis completed for S. cooperi confirmed that the species is high risk in South Africa and 
should be listed under Category 1b. Risk analyses should be conducted for all species for 
which sufficient information is available. Basic habitat associations were evident in this 
study, but to fully understand the invasive potential of alien ferns, future research should 
focus on niche-based modelling (to predict potential invasion ranges), the effects of 
biological traits on invasibility and potential ecological impacts of alien fern species. 
Keywords 
eradication target; geographic range; indigenous forest; invasive; regulation; risk analysis  
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Introduction 
The global threat posed by invasive alien plants (IAPs) is extensively covered in the literature 
and highlights the need to reduce the pressure of alien species on ecosystems and biodiversity 
(Latombe et al. 2017). Reliable records of IAP distributions at various scales are necessary 
for comprehensive investigations to provide a greater understanding of invasion mechanisms 
and to ultimately inform management actions (Pyšek et al. 2017). Inventories on alien plants 
have thus been developed as a means of monitoring IAP distributions and reporting the state 
of invasions (Mc Geoch et al. 2012). Inventories are a fundamental tool in IAP management, 
but are often laden with errors (most commonly epistemic in nature, resulting from a lack of 
knowledge or measurement errors) and are difficult to integrate due to the inconsistent use of 
standardised variables and terminology (Kolar and Lodge 2001; Ruiz and Carlton 2003; 
Richardson and van Wilgen 2004; Scholes et al. 2012; Costello and Wieczorek 2014; Pyšek 
et al. 2017). Consequently, for more effective data sharing, researchers concur that there is a 
need to standardize the information collected on invasive species across the globe (Pyšek et 
al. 2004; Blackburn et al. 2011; Mc Geoch et al. 2012; Latombe et al. 2017). Inventories 
should be compiled in consideration of three essential biodiversity variables namely, species 
distribution (presence or absence), invasion status and alien species impact (Latombe et al. 
2017). Additionally, supplementary variables such as abundance, pathways of introduction 
and the value and characteristics of the receiving environment should be collected as a means 
to support the essential variables and can subsequently contribute to risk assessments 
(Latombe et al. 2017). This united approach of monitoring and reporting biodiversity change 
will allow for greater management efficiency (Turak et al. 2017).  
In South Africa inventories such as the South African Plant Invaders Atlas (SAPIA; 
Henderson and Wilson 2017) and the Botanical Database of Southern Africa (BODATSA 
2016; http://newposa.sanbi.org) are used to track the extent and inform the management of 
IAPs. The information obtained in these inventories is adopted by management programmes 
which generally aim at achieving three primary goals: early detection, long term monitoring 
and eradication or control (Wilson et al. 2013; Latombe et al. 2017; Henderson and Wilson 
2017, Turak et al. 2017). Government-funded IAP management programmes in South Africa 
include Working for Water which concentrates on IAP control (van Wilgen et al. 1998) and 
the South African National Biodiversity Institute’s (SANBI) Directorate on Biological 
Invasions which focusses on invasion response planning and invasive species regulation 
(Wilson et al. 2013). IAPs are listed under the Alien and Invasive Species regulations of the 
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National Environmental Management: Biodiversity Act (10/2004) (NEM:BA; Wilson et al. 
2013). Species are categorised according to their status and severity of invasion and this 
system therefore provides a means of prioritising where best to invest resources (i.e. a key 
component of effective management; Mc Geoch et al. 2016). Ultimately the data obtained 
from inventories, published scientific papers and management records contribute to and 
enable systematic assessments of the status of biological invasions and their management at 
various scales. The first such country-level assessment has recently been completed for South 
Africa (van Wilgen et al. 2018). 
Understanding the mechanisms that enable species to invade novel environments is another 
important aspect for more targeted approaches to management and control (Pyšek et al. 
2004). The invasiveness of a species is influenced by various environmental, biological and 
anthropogenic factors that may promote or constrain a species within an area (Wilson et al. 
2007). Time since introduction (i.e. residence time), the number of individuals released (i.e. 
propagule pressure) and the availability and spatial distribution of suitable habitats are 
examples of critical metrics to consider when characterising invasive species (Kolar and 
Lodge 2001; Wilson et al. 2007; Moodley et al. 2016; Terzano et al. 2018). Furthermore, 
ornamental horticulture is directly responsible for numerous successful invasions (Dehnen-
Schmutz et al. 2007; van Kleunen et al. 2018) and ferns have been popular in horticulture 
since the 1800’s in a period of trade referred to as the ‘Victorian Fern Craze’ (Lowe 1864; 
Whittingham 2009). Today, various fern species are still readily available for trade across the 
globe both from nurseries and online websites (e.g. http://www.fernfactory.com) and this 
pathway considerably contributes to their introduction and invasion globally (Jones et al. 
2018). 
Native fern distributions generally follow a latitudinal gradient (as with angiosperms; Linder 
2001) with the highest diversity in the tropics (Aldasoro et al. 2004). However, the African 
continent is relatively poor in native fern species when compared to other tropical areas (e.g. 
south-eastern Asia and its neighbouring islands hold ca. 4500 species, whereas Africa holds 
only 800 species; Roux 2001). South Africa contains approximately 320 native fern species 
(Roux 2009; Crouch et al. 2011) which largely occupy the forest, fynbos, Albany thicket, 
savanna and grassland biomes (Rutherford et al. 2006). These biomes form part of four major 
phytogeographical regions namely the Indian Ocean Coastal Belt, Afro-montane region, Cape 
region and the Karoo-Namib region (White 1971; Roux 2001). The Indian Ocean Coastal 
Belt and Afro-montane regions both have large numbers of fern species with few endemics, 
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whereas the Cape and Karoo-Namib regions contain fewer species but boast a higher 
percentage of endemic ferns (Roux 2001). Ferns typically occupy wet shaded habitats and are 
largely limited to humid environments due to insufficient control over water loss, the failure 
of leaves to adapt to shifting environmental conditions and the requirements for sexual 
reproduction (i.e. water is essential for sperm transport in gametophytes) (Page 2002). Some 
ferns, however, are associated with recently disturbed or exposed areas, e.g. scoured river 
banks or uprooted trees, and these species generally have adaptations that limit water loss and 
allow them to live under low nutrient or high light conditions (Walker and Sharpe 2010).  
Within the global context, South Africa has one of the highest numbers of reported IAPs 
(Pyšek et al. 2017) with alien plant invasions being most extensive in the fynbos, savanna and 
grassland biomes (Richardson and Van Wilgen 2004; Henderson 2007). The majority of 
studies on alien plants in South Africa (as well as globally) focus on woody plants or 
angiosperms (e.g. Acacia, Hakea and Pinus species; Kolar and Lodge 2001) but few studies 
have considered alien ferns. A recent global assessment of terrestrial alien true ferns indicated 
that there are more alien ferns (i.e. 157 species) than previously estimated (i.e. 60 species) 
(Jones et al. 2018). In South Africa, fern accounts have largely considered native species 
(Burrows and Burrows 2001; Roux 2001, 2009; Crouch et al. 2011), while research on alien 
ferns has been focussed on aquatic species (Hill 1999; Mc Connachie et al. 2003; Coetzee et 
al. 2011). To date, 15 terrestrial species of alien ferns are known to be present in South Africa 
(Henderson 2007; Crouch et al. 2011; BODATSA 2016), however their true extent and status 
have not yet been systematically evaluated (as evident from van Wilgen et al. 2018).  
Alien ferns may spread extensively and become serious threats to natural ecosystems 
(Robinson et al. 2010). For example, Lygodium japonium (Thunb.) Sw.in Florida alters native 
plant communities by hybridizing with and displacing native species (FLEPPC 2017) and 
Sphaeropteris cooperi (F. Muell.) R.M. Tryon has spread to all the Hawaiian Islands where it 
outcompetes native fern species and alters soil conditions and nutrient cycling processes 
(Chau et al. 2013). Despite their evident invasive capability, terrestrial ferns have been 
overlooked as an invasive taxon both globally and in South Africa. This study therefore 
aimed to provide, through field surveys, an account of the distribution, abundance and 
invasion status of terrestrial alien true fern species (i.e. Polypodiophyta; hereafter referred to 
as ‘alien ferns’) in South Africa and to characterise the habitats associated with each species. 
Lastly, we identified the most prominent fern invaders in South Africa and provided 
recommendations for their regulation and management. 
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Methods 
Study Area 
Climatic conditions in South Africa range from Mediterranean in the southwest, to temperate 
on the interior plateau and subtropical in the northeast (Schulze et al. 1997). Rainfall is 
largely seasonal, occurring in summer over most of South Africa with the exception of winter 
rainfall in the western part of the Cape region. Rainfall ranges from 200 – 2 000 mm annually 
and temperatures can reach a low of -6 º C or exceed 35 º C (Schulze et al. 1997). The 
northern parts of the country and areas along the Indian Ocean Coastal Belt are on average 
warmer than the high-altitude inland areas and the Cape coastal areas. Native fern distribution 
in South Africa largely coincides with the distribution of indigenous forests (Burrows 1990). 
Accordingly, this study mostly focused on forest habitats. The forest biome is very small 
covering only 0.1 % of South Africa’s land surface area, however additional patches of forest 
are imbedded within other biome types, including fynbos, Albany thicket, grassland and 
savanna (Mucina et al. 2016). The largest continuous stretches of forest are the Knysna Forest 
Complex (60 560 ha) in the Western Cape, and the Amathole Mountain Complex (40 550 ha) 
in the Eastern Cape. Forest patch size in the bigger complexes may be large (3 500 – 25 000 
ha), or much smaller (<10 – 100 ha) when imbedded within the other biome types. Other 
significant patches of forest occur along the northern Escarpment of Mpumalanga and 
Limpopo (Mucina et al. 2006; Henderson 2007). 
Species Distribution Database 
To compile a species distribution database of terrestrial alien fern occurrences outside of 
cultivation in South Africa, a systematic search of alien fern records in SAPIA (Henderson 
and Wilson 2017) and BODATSA (BODATSA 2016) was undertaken. The SAPIA database 
aims to provide a means of monitoring changes in the occurrence, abundance and spread of 
alien plants in the country (Henderson and Wilson 2017) and the BODATSA database 
(previously referred to as the South African National Herbarium Computerised Information 
System; PRECIS) contains historical records of native and alien plant specimens housed in 
South Africa’s main herbariums. Although BODATSA is not considered a fully 
comprehensive or accurate data source for alien plants, it contributed more records (323) and 
species (15) of alien ferns than SAPIA (27 records, 12 species). Many of the BODATSA 
records were collected by the late J.P. Roux who had initiated but not completed a study 
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similar in nature to the present study. SAPIA provided useful records of plants that have 
already escaped cultivation and were likely to be naturalised or invasive (Wilson et al. 2007). 
However SAPIA is biased towards woody plants (Wilson et al. 2007; Henderson 2007) and 
as such, herbaceous species, which includes ferns, are underrepresented. The recent 
assessment of the status of biological invasions and their management in South Africa (van 
Wilgen et al. 2018) only listed 7 of the 12 species listed by SAPIA, with no information 
about their status apart from being present in natural ecosystems. We therefore also consulted 
Crouch et al. (2011) and Burrows (1990) for alien fern listings and their distributions within 
South Africa. Of the alien fern records obtained from the above sources we excluded two 
species from our field surveys, i.e. Nephrolepis cordifolia due to its extensive distribution and 
abundance and because it is already listed under NEM:BA as Category 1b and Dicksonia 
antarctica since all records indicated that the plants have not spread from their sites of 
introduction in Kirstenbosch Botanical Gardens, Cape Town (and no individuals of D. 
antarctica were encountered during our field surveys). All records were collated into a single 
database which included GPS co-ordinates of alien fern occurrences and, if provided, 
associated biological or environmental information.  
Field Surveys 
Field surveys targeted known alien fern localities (mostly according to BODATSA and 
SAPIA) that had reasonable spatial precision and were conducted in four provinces, namely 
Mpumalanga, KwaZulu-Natal, Eastern Cape and Western Cape. Surveys further focussed on 
hotspots of native fern species richness and abundance, e.g. Mariepskop in Mpumalanga and 
the Tsitsikamma forests in the Eastern Cape. Any outlying localities that would have added 
extensive travel time and costs were excluded for common species but included for rare 
species. Field surveys were undertaken between June 2017 and June 2018 and spanned 80 
days (including travel time). 
Due to the habitat specificity of ferns it proved inefficient to follow a structured or random 
sampling design such as set transects or roadside surveys (these methods are also generally 
predisposed toward detecting larger and more obvious plants; Henderson and Wilson 2017). 
We therefore focussed our surveys on habitat types considered suitable for ferns such as 
watercourses and moist forested habitats within the vicinity of known records. All alien fern 
species encountered were recorded as presence localities (hereafter ‘localities’) and their co-
ordinates and altitude were recorded using a handheld GPS. At each locality we recorded (i) 
occurrence type as clumped or individual; (ii) growth form as ground-dwelling (including 
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geophytes, cryptophytes and hemicryptophytes), lithophytic, or epiphytic; and (iii) the 
number of plants as the actual count of plants, or as an estimate using the average number of 
plants counted in a 1 m x 1 m square multiplied by the estimated area covered by that species. 
Additionally, alien ferns detected en route to a known record were also recorded as localities 
and the surrounding area was searched for additional plants or species. Areas of known 
records in which alien ferns were not detected were recorded as absence localities (henceforth 
included in distribution maps but excluded from all calculations of incidence). At each 
locality, information about habitat traits were collected (Table 1). 
Table 1 Traits and information collected per locality for terrestrial alien true ferns (Polypodiophyta) 
in South Africa 
Trait Categories 
Vegetation type Forest1; Plantation2; Shrubland or Grassland3; Lawn4 
Trail Yes; No 5 
Light condition Sun; Semi-shade; Shade 
Proximity to water Close (<30m); Moderate (30-200m); Far (>200m) 
Alien abundance6 Many; Few 
1 Forest included indigenous forest (to distinguish from commercial plantations) with a height of 30 m or more 
(to distinguish from shrublands).  
2 Plantations were differentiated from other disturbed areas as various alien fern species have shown a particular 
preference for plantations. Plantations included monotypic tree stands that existed for commercial purposes. 
3 Shrubland or Grassland included indigenous grasslands and wooded habitats with a stand height that was 
notably shorter than that of indigenous forest. 
4 Lawn areas were those which appeared altered/ transformed from their natural state and included areas such as 
parks and other recreational areas. 
5 Habitats > 10m away from a road or trail.  
6 Cover abundance of alien plants other than ferns in terms of number of plants and not species richness, where 
‘many’ signifies >20 % cover. 
Abundance and Distribution 
Distribution maps of alien ferns in South Africa were compiled using QGIS (TEAM 2015). 
We calculated and mapped several measures based on the data collected in this study, i.e. the 
number of plants per locality, the species richness (the number of alien fern species) per 
quarter degree grid cell (QDGC) and the number of plants per species per locality (see 
Supplementary 1-13). To establish the extent to which this study contributed new data we 
compared the number of QDGCs with alien fern presence as recorded in this study with those 
of SAPIA and BODATSA. For each species we also noted residence time which was taken as 
the number of years lapsed from the earliest record sourced from BODATSA until 2018. We 
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used a Pearson’s correlation analysis to explore the relationship between residence time and 
extent of distribution (measured as total number of QDGCs per species for all sources 
combined; Table 3).  
Invasion Status and Prominence 
Alien ferns encountered in field surveys occurred within natural and semi-natural areas more 
than 100 m away from cultivated individuals and were clearly not purposefully planted or 
cultivated. Alien ferns commonly occurred as clumped populations which additionally 
suggested reproduction and spread away from mature individuals. Consequently, all species 
surveyed in this study were classified as invasive (following the criteria of Richardson et al. 
2000 and Blackburn et al. 2011). To discern prominence (i.e. a single measure of distribution 
and abundance) amongst the surveyed invasive species, we calculated an index of 
prominence (c.f. Henderson 2007) by summing the respective scores (each score ranging 
between 1 and 4) of four measures of distribution and abundance per species (Table 2). This 
resulted in a prominence score for each species that ranged between 1 and 16. Additionally, 
we completed a risk analysis for Sphaeropteris cooperi using the risk analysis for alien 
species scheme (Kumschick et al. 2018), which was approved by the Alien Species Risk 
Analysis Review Panel and submitted via SANBI to the Department of Environmental 
Affairs. The risk analysis provides a framework for quantifying the risk posed by alien taxa in 
South Africa by characterising impact and difficulty of management and ultimately outlines 
suggested regulations for a given taxon under the Alien and Invasive Species regulations of 
NEM:BA. 
Habitat Traits Analysis 
We performed a multiple correspondence analysis (MCA) to investigate the habitat traits 
(Table 1) of the localities in which the alien fern species occurred. Analyses were conducted 
with the open source R software (version 1.1.383) (R Development Core Team 2013) using 
the function ‘dudi.hillsmith’ of the package ‘ade4’ to perform multivariate analysis with 
categorical factors (Dray and Dufour 2007). 
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Table 2 Measures of distribution and abundance used to calculate an index of prominence for each 
invasive terrestrial alien true fern (Polypodiophyta) surveyed in this study in South Africa 
Measure Value 
range 
Score Interpretation 
Number of QDGCs1 in 
which species has been 
recorded2 
1 - 3 1 An indication of the extent of distribution at 
a national scale 4 - 6 2 
7 - 9 3 
10 - 12 4 
    
Percentage of localities in 
which species was present2 
< 5 1 An indication of the extent of distribution at 
a regional or local scale 6 - 10 2 
11 - 15 3 
> 15 4 
    
Percentage of localities 
comprised of clumps2 
1 - 25 1 An indication of reproductive capacity. A 
larger percentage of localities comprising 
of clumps suggests a good capability to 
reproduce locally, often via vegetative 
means 
26 -50 2 
51 - 75 3 
> 75 4 
    
Total number of plants2 1-250 1 A measure of abundance and thus also a 
proxy for propagule pressure 251-500 2 
501-750 3 
> 750 4 
 
1 Quarter degree grid cells. 
2 Recorded in this study’s field surveys. 
 
Results 
Abundance and Distribution 
Our species distribution database comprised of 13 terrestrial alien fern species (inclusive of 
epiphytes and lithophytes; Table 3) and 350 records of alien ferns which occurred outside of 
cultivation in South Africa and which we subsequently targeted in our field surveys. Our field 
surveys yielded a total of 5 097 plants belonging to 13 species across 347 localities 
occupying an altitudinal range of 0 – 1 800 m above mean sea level (Fig. 1; Table 3). Alien 
ferns were absent from 76 out of the original 423 localities surveyed. The number of plants 
recorded at a single locality ranged between 1 and 900 plants, with only one locality 
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comprising more than 800 plants (Fig. 2). Species richness (i.e. the number of species) of 
alien ferns per QDGC ranged between one and nine species with the majority of QDGCs 
containing one to three species and only two containing nine species (Fig. 3). 
 
Fig. 1 The distribution of terrestrial alien true ferns (Polypodiophyta) in South Africa (provincial 
names and boundaries are indicated, and the distribution of indigenous forests is shaded in grey). 
Alien fern distributions are depicted as localities recorded by this study, the Botanical Database of 
Southern Africa (BODATSA) and the South African Plant Invaders Atlas (SAPIA) 
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Table 3 A species specific summary of information pertaining to the incidence of the 13 invasive terrestrial alien true ferns (Polypodiophyta) present in South 
Africa and surveyed in this study. Nomenclature follows The Plant List (www.theplantlist.org). 
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Residence time (years until 
2018)1 
99 153 57 18 ? 77 77 74 77 77 6 41 18 
Number of QDGCs2 in which 
species were recorded: 
             
- All sources combined 34 16 16 8 1 4 21 9 4 36 13 26 14 
- BODATSA 26 9 10 7 0 4 14 3 3 27 5 16 4 
- SAPIA 2 1 1 1 0 1 0 1 2 1 3 2 6 
- This study 10 8 9 2 2 1 7 7 2 10 7 11 11 
Altitudinal range (mamsl)3 10 - 
1447 
3 - 33 4 - 1610 469 - 
523 
376 - 
414 
7 - 18 8 - 
1486 
24 - 479 22 - 27 46 - 
1777 
1 - 530 6 - 
1218 
4 - 926 
Percentage (and absolute 
number) of localities in which 
species were present3 
17 % 
(59) 
12 % 
(42) 
11 % 
(39) 
1 % (4) <1 % 
(2) 
<1 % (3) 8 % 
(28) 
3 % (12) <1 % 
(2) 
8 % (27) 10 % 
(34) 
6 % 
(21) 
21 % 
(74) 
Total number of plants 
recorded3 
1516 595 770 244 855 17 44 129 5 267 76 48 531 
Percentage of localities 
comprising of clumped plants3 
88 % 79 % 72 % 100 % 100 % 100 % 29 % 92 % 100 % 70 % 41 % 52 % 50 % 
Average clump size3 29 18 27 61 428 6 3 12 3 14 4 3 13 
Maximum clump size3 324 126 192 96 840 9 6 40 3 40 8 9 200 
Prominence score3 16 13 13 7 10 7 8 9 7 11 8 10 13 
 
1 According to the earliest record sourced from BODATSA 
2 Quarter degree grid cells 
3 Recorded in this study’s surveys
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Fig. 2 The total number of terrestrial alien true fern (Polypodiophyta) plants per locality as recorded 
in this study’s field surveys in South Africa 
 
Fig. 3 Species richness (i.e. number of species) of terrestrial alien true ferns (Polypodiophyta) per 
quarter degree grid cell as recorded in this study’s field surveys in South Africa 
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Of the respective species surveyed in this study, the most widely distributed (in terms of 
QDGC coverage and percentage of localities where that species was present) included, 
Sphaeropteris cooperi (11 QDGCs, 21 %), Pteris tremula (11 QDGCs, 6 %), Adiantum 
raddianum (10 QDGCs, 59 %), and Pityrogramma calomelanos (10 QDGCs, 27 %) (Table 
3). Other relatively widespread species included Cyrtomium falcatum (8, 42 %) and Deparia 
japonica (9, 39 %). The species with the smallest distribution ranges included Diplazium 
esculentum, Doodia caudata, Lygodium japonicum and Phlebodium aureum which occurred 
in < 1 % of all localities, in a maximum of 2 QDGCs (Table 3). Only four species (i.e. 
Sphaeropteris cooperi, Microsorum scandens, Platycerium bifurcatum, Doodia caudata) 
displayed range expansion when comparing QDGC counts between our study and those of 
SAPIA and BODATSA. All species (except Macrothelypteris torresiana and Platycerium 
bifurcatum) occurred as clumped populations at more than half of their localities (Table 3). 
The most abundant species were A. raddianum (1516 plants), Doodia caudata (855 plants) 
and Deparia japonica (770 plants). Furthermore, these species (as well as D. esculentum) had 
relatively large average clump sizes of more than 25 plants. Residence time was not 
significantly correlated with extent of distribution across species (r= 0.33, P= 0.26). For 
instance, a long residence time was associated with a wide distribution in A. raddianum and 
C. falcatum but not in L. japonicum and P. aureum.  
Prominence  
Adiantum raddianum was the most prominent species attaining the highest possible score 
(16). Cyrtomium falcatum, Deparia japonica and Sphaeropteris cooperi scored second 
highest (13) and the lowest scoring species were Diplazium esculentum, Lygodium japonicum 
and Phlebodium aureum (7). The outcome of the risk analysis for S. cooperi (Supplementary 
14) classified the species as high risk in South Africa and the management and regulatory 
implications thereof are discussed below. 
 Habitat Associations 
The first component of the MCA (i.e. the x-axis in Fig. 4) explained 22 % of the variance and 
differentiated shaded habitats with tall dense vegetation in close proximity to water courses 
from habitats with more open vegetation in full sun and further away from water courses. The 
second component (i.e. the y-axis in Fig. 4) explained 18 % of the variance and distinguished 
natural shrubland or grassland from altered vegetation such as monospecific plantations, 
lawns or trails. In general, the habitats most associated with alien ferns (i.e. those positioned 
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closest to the centroid) included semi-shaded forested habitats, habitats associated with 
anthropogenic disturbance (i.e. lawns and trails) and habitats in which other alien species 
were abundant. Microsorum scandens, Pteris tremula, Sphaeropteris cooperi and 
Platycerium bifurcatum were positioned closest to the centroid meaning that in relative terms 
they were considered to be generalists (i.e. species most associated with the common habitat 
characteristics; Fig. 4; Table 4). The remaining species seemed to be more habitat specialists 
and were either closely associated with a particular habitat characteristic (e.g. Deparia 
japonica with shade) or positioned far from the centroid in habitats least commonly 
associated with alien ferns (Fig. 4; Table 4). The habitat range of each species was 
characterised by the shape of the ellipse surrounding the species. The size of the ellipse was 
also influenced by the diversity of localities in which that species was found, i.e. S. cooperi 
was found at many different localities (Table 3) and displayed a large ellipse (Fig. 4). On the 
contrary, Doodia caudata was only observed once, hence the small ellipse. The dominance of 
smaller ellipses indicated that the majority of alien ferns showed little variability in habitat 
selection. The direction of the ellipse showed the variation of tolerance to particular traits, 
e.g. Cyrtomium falcatum was closely associated with shrublands but will also tolerate 
forested conditions, however the species showed less tolerance for shaded conditions and so 
will likely occur in higher light forest patches if not present in shrublands. 
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Fig. 4 Representation of the first two components of the multiple correspondence analysis on habitat 
traits of the localities in which invasive terrestrial alien ferns occurred. These components accounted 
for 39 % of the variance. The arrows indicate the habitat traits’ variable loadings on the two axes. 
Respective alien fern species are displayed as an illustrative variable in blue boxes; the ellipses 
indicate variation in the distribution of the respective species along the two axes; the absence of 
ellipses indicates species with very few records. Species name abbreviations are indicated in Table 4
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Table 4 Predominant habitat associations of invasive terrestrial alien true ferns (Polypodiophyta) in 
South Africa based on the results of the multiple correspondence analysis shown in Figure 4. Species 
were ordered in terms of association with habitats along a gradient from open to closed (along axis 1 
of Fig. 4) 
Alien fern species Niche 
specificity 
Vegetation type Light condition Distance to 
water 
Pityrogramma calomelanos (Pit) Specialist Plantations Sun  Far 
Cyrtomium falcatum (Cyr) Specialist Shrublands Sun Far 
Microsorum scandens (Mic) Generalist Forest and lawns Semi-shade Close to 
moderate 
Pteris tremula (Pte) Generalist Forest, plantations 
and lawns 
Semi-shade Close to 
moderate 
Sphaeropteris cooperi (Sph) Generalist Forest, plantations 
and lawns 
Semi-shade Close to 
moderate 
Platycerium bifurcatum (Pla) Generalist Lawns Semi-shade Close to 
moderate 
Adiantum raddianum (Adi) Generalist Forests Shade and 
semi-shade 
Close  
Deparia japonica (Dep) Specialist Forests Shade Close 
Macrothelypteris torresiana (Mac)  Specialist Forests Shade Close 
Doodia caudata (Doo) Specialist Forests Shade Close 
Diplazium esculentum (Dip) Specialist Forests Shade and 
semi-shade 
Close 
Phlebodium aureum (Phl) Specialist Forests Semi-shade Moderate 
Lygodium japonicum (Lyg) Specialist Plantations Semi-shade Moderate 
 
Discussion 
This study provides the first systematic account of the distribution and abundance of 
terrestrial alien ferns in South Africa. The distribution of alien plant species within a region 
often mirrors that of analogous native species (Stohlgren et al. 2003; Richardson et al. 2005; 
Stark et al. 2006; Christenhusz and Toivonen 2008). Accordingly, in our study alien ferns 
were most abundant and species rich in native fern hotspots, such as along the Indian Ocean 
Coastal Belt and the Afro-montane phytogeographical regions of South Africa. Additionally, 
these phytogeographical regions are highly susceptible to invasion by alien plants (i.e. a high 
invasibility) (Terzano et al. 2018). The distribution of alien ferns in South Africa also 
corresponded with areas of high suitability for invasion in terms of climate (such as high 
rainfall) and high levels of transformation (Rouget et al. 2004; Terzano et al. 2018). This was 
also reflected by the provincial distribution of alien ferns in South Africa, for example, Kwa-
Zulu Natal had the highest alien fern incidence which may be attributed to the greater 
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availability of suitable habitats, i.e. a large indigenous forest component, a subtropical 
climate with consistently warm temperatures and high rainfall and a high degree of 
urbanisation (Kluge et al. 2006; Bhattarai et al. 2004). We believe that extant populations of 
alien ferns throughout the study area originated from introduced cultivated plants (c.f. Wilson 
1996) and thus the proximity of suitable habitats to residential areas likely influenced alien 
fern incidence.  
Globally, the likelihood that an alien fern will become naturalised or invasive after being 
introduced is more than 50 % (Jones et al. 2018). Accordingly, we found that all alien ferns 
considered in this study were invasive (after the criteria of Blackburn et al. 2011 and 
Richardson et al. 2000) many of which displayed high prominence scores (albeit a relative 
measure). However, in comparison with the magnitude of invasion achieved by some 
angiosperm species, the extent of fern invasion in South Africa is limited. For instance, 30 of 
the most abundant and widespread invasive angiosperms in South Africa occur in an average 
of 111 QDGCs (Henderson and Wilson 2017) whereas the five most abundant species of 
invasive fern in this study showed a significantly smaller distribution (an average of 8 
QDGCs). Our focussed surveys also revealed limited (or no) expansion in the ranges of alien 
fern species compared to pre-existing records (Table 3). This may be due to the habitat 
specificity of the taxon (see below), but nevertheless suggests that alien ferns are not on a par 
with some of the most aggressive invaders in the country.  
The degree of association of alien species with environmental and biological traits is an 
important consideration in studies evaluating the mechanisms driving species invasiveness 
(Moodley et al. 2013). Furthermore, characterising the habitats most associated with these 
taxa enables identification of the environments most susceptible to invasions (Rejmánek et al. 
2005; Tecco et al. 2010). Our study provides a starting point for further intricate analysis 
such as niche-based modelling (Thuiller et al. 2005) to identify the potential ranges of alien 
ferns in South Africa. Ferns are generally considered to be habitat specific (Kessler 2010), 
with habitats primarily determined by climate and substrate (Kessler et al. 2011; Kornas 
1993). We found two distinct types of habitats selected by alien ferns, i.e. relatively closed 
canopy habitats closer to water (i.e. most commonly selected by alien ferns) and open 
habitats further away from water (i.e. seldom selected by alien ferns). Wetter conditions are 
generally known to facilitate plant invasion (Richardson et al. 2005). Moreover, sexual 
reproduction in ferns is dependent on water (Page 2002) and the strong association of alien 
ferns with habitats close to water suggested successful sexual reproduction in these habitats. 
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Fern populations may persist via sexual reproduction of the gametophyte, or vegetative 
reproduction of gametophytes or sporophytes (Page 2002; Sharpe et al. 2010). The majority 
of localities in this study were clumped populations which additionally suggested successful 
vegetative reproduction. Vegetative reproduction allows ferns to proliferate, even in the 
absence of water, via the formation of buds on roots, stems and leaves and from rhizome 
branching (Sharpe et al. 2010). Reproductive plasticity has been identified as an important 
determinant of invasiveness in alien ferns (Jones et al. 2018) and the indications of successful 
sexual and vegetative reproduction in the invasive alien ferns surveyed in this study further 
support this notion.  
Although the climate associated with forests is deemed highly suitable for invasion (Rouget 
et al. 2004), forests are in fact generally resistant to invasion (Brothers and Spingarn 1992; 
Teo et al. 2003). In our study however, alien fern incidence was most closely associated with 
indigenous forest habitats. Species that most commonly selected for shaded, relatively closed 
canopy habitats, closer to water are therefore more likely to invade intact forests than species 
that selected for more open, sunny habitats. Competitive interactions are more likely to cause 
changes in species composition under favourable environmental conditions (Callaway and 
Walker 1997). Due to the habitat specificity in ferns, alien species that select for more intact 
habitats (i.e. undisturbed habitats) may show competitive advantage over analogous native 
species. Accordingly, alien ferns have been noted to outcompete native species in indigenous 
forests in other countries (Christenhusz and Toivonen 2008; Robinson et al. 2010; Chau et al. 
2013). In South Africa the competitive abilities of alien ferns have not yet been formally 
studied, but species such as Macrothelypteris torresiana and Adiantum raddianum have been 
observed to replace indigenous fern species within forested habitats (N Crouch 2017, pers. 
comm.).  
Disturbance commonly facilitates alien plant invasions (Didham et al. 2005; Rejmánek et al. 
2005; Pyšek et al. 2010) and ferns (both native and alien) frequently colonise sites disturbed 
by natural disruptions (i.e. floods or landslides) or by anthropogenic influences (i.e. 
pathways, roads and abandoned agricultural fields; Walker and Sharpe 2010). In our study, 
habitat generalist species were closely associated with disturbance in the form of lawns, roads 
and trails. Disturbed habitats were also associated with a higher abundance of other alien 
plants, further supporting the notion that disturbance facilitates alien plant invasions. The 
removal of biomass associated with disturbance leads to higher light conditions which usually 
allows invasive plant species to flourish (Leishman and Thomson 2005). A preference for 
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sunnier conditions was also reflected by invasive alien ferns in a global assessment of traits 
associated with their invasiveness (Jones et al. 2018). Generalist species showed a limited 
association with plantations, whereas some species (amongst which Lygodium japonicum, a 
climbing fern) were clearly associated with timber plantations in our study. Interestingly, 
alien epiphytic climbing ferns also invaded vanilla plantations in Mexico (Mehltreter 2006) 
and oil plantations in parts of Indonesia (Sofiyanti 2013). Although some alien fern species 
seemed to prefer plantations, there was no evidence to suggest that plantations are a habitat 
generally selected by alien ferns. 
Plant invasions are context dependent and rely on a combination of various environmental, 
biological and anthropogenic effects (Pauchard and Alaback 2004; Mortensen et al. 2009). 
Although habitat traits were able to account for aspects of alien fern incidence in South 
Africa, there are other effects (e.g. biological traits) that would influence the invasive 
behaviour of these species which require further consideration. In addition, there are likely 
various species of alien ferns that remain undetected as they may persist as gametophytes and 
not form sporophytes (Walker et al. 2010; N Crouch 2018, pers. comm.). The ecology of 
gametophytes and sporophytes differs greatly (Page 2002) and the way in which this may 
affect invasiveness in alien ferns remains unexplored but could further explain their 
distribution and invasiveness (Sharpe et al. 2010). 
Management Implications 
Alien ferns should be considered an important threat to ecosystems in South Africa as species 
that are able to invade intact areas, especially those that are able to persist, are considered 
most threatening to biodiversity (Henderson and Wilson 2017). However, this study showed 
that the ranges of alien ferns were comparatively limited, being largely restricted to the forest 
biome and within that to specific habitat types. It is thus unlikely that they would become as 
wide-spread and prolific as some of the most aggressive angiosperm invaders in South 
Africa. The exception is Nephrolepis cordifolia which is able to form dense and extensive 
invasions in various habitat types (e.g. N. cordifolia was the most abundant among 109 alien 
species surveyed along roads in the Garden Route of South Africa; Baard and Kraaij 2019). 
Nevertheless, all 13 species of fern surveyed in this study were classified as invasive and 
suggestions for their management and regulation were informed by their distribution, 
abundance and prominence scores. 
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According to NEM:BA, a species may be added to the ‘prohibited or watch list’ or assigned 
to one of four categories, each of which has particular management and regulatory measures 
that apply. Species suggested for listing under NEM:BA Category 1a (emerging IAPs that 
require immediate compulsory control or eradication) include Diplazium esculentum, Doodia 
caudata, Lygodium japonicum and Phlebodium aureum on account of their limited 
distributions (i.e. low QDGC counts) and relatively small population sizes. In other parts of 
the world effective control has been achieved on some species (e.g. 80 % control, but not 
complete eradication, of Lygodium japonicum in Florida; Minogue et al. 2010). Platycerium 
bifurcatum was amongst the four least abundant species that we have surveyed and most 
plants occurred as individuals. However, the species is becoming increasingly prominent in 
South Africa and displays invasive behaviour elsewhere, e.g. in Florida and Hawaii 
(Pemberton 2003) and we therefore suggest that it also be listed under Category 1a. Species 
that should be listed under NEM:BA Category 1b (widespread and problematic species that 
require control but for which eradication is no longer feasible) are Adiantum raddianum, 
Cyrtomium falcatum (for the Western Cape in particular), Deparia japonica, 
Macrothelypteris torresiana, Microsorum scandens, Pteris tremula, Sphaeropteris cooperi 
(for the Western Cape and Eastern Cape in particular) and Pityrogramma calomelanos (for 
Mpumalanga in particular). It must be noted however that P. calomelanos largely appeared to 
remain localised and to spread very slowly. During the last decade a small population in 
Mpumalanga has been monitored and expansion has not been noted (J Burrows 2017, pers. 
comm.). Therefore P. calomelanos has a lower priority for management than the other 
species recommended for Category 1b listing.  
Potentially undetected alien ferns in South Africa, both in the wild and in cultivation, require 
further attention. There is currently no catalogue of ferns that are being introduced into South 
Africa through trade. In Hawaii alone, there are more than 200 cultivated alien fern species of 
which 30 are now naturalised or invasive (Wilson 1996). Increased vigilance and 
documenting of species sold in nurseries are essential to develop a comprehensive list of 
species that have already been introduced into South Africa. Furthermore, inventorising the 
alien fern species active in international trade and understanding the supply chain behind 
these species may identify candidate species for pre-border control, or if already introduced, 
candidates for potential eradication (van Kleunen et al. 2018). Risk analysis is a tool used to 
characterise the potential threat a species poses to a region pre- and/or post-border 
introduction (Conser et al. 2015; Leung et al. 2012). The risk analysis performed on S. 
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cooperi classified the species as high risk in South Africa with a medium difficulty of 
management. In other countries (e.g. Hawaii) the species has negative impacts on ecosystems 
within its invaded range and has a low success rate in terms of control (Medeiros et al. 1992; 
Chau et al. 2013). For South Africa, the risk analysis concluded that S. cooperi should be 
listed under NEM:BA Category 1b (Supplementary 14) due to the low feasibility of 
eradication and relatively low benefits offered by the species (i.e. the plant has no uses other 
than ornamental). The outcome of the risk analysis for S. cooperi corroborated the suggested 
level of regulatory listing of the species that we based on more rudimentary assessments of 
distribution, abundance and prominence score (as was done for the other species).  
This study provides an initial account of the distribution, status and habitat associations of 
fern invasions in South Africa and can therefore be used as a departure point for the 
management of alien ferns in the country. The four species suggested to be listed under 
Category 1a should be prioritised for management while eradication remains feasible and the 
species listed under Category 1b should be subjected to control efforts. Control methods for 
L. japonicum (Minogue et al. 2010) and S. cooperi (Robinson et al. 2010) are known but 
generally, the various control methods and success levels of existing control efforts on ferns 
remain under-studied (Robinson et al. 2010). Additionally, introduction pathways (the 
horticultural trade in particular) should be the primary focus in the control of alien ferns. 
Monitoring species actively traded in horticulture will help identify species that should be 
subjected to risk analyses and thus aid in the prevention of future introductions or the early 
detection of escapees. Risk analyses need to be conducted urgently for Adiantum raddianum, 
Deparia japonica, Cyrtomium falcatum, Pteris tremula, Microsorum scandens and 
Macrothelypteris torresiana (in order of risk posed), while the impacts of these species also 
need to be examined. Risk analyses should additionally be completed for the remaining 
species considered in this study, as well as for those species identified as invasive elsewhere 
on the globe according to Jones et al. (2018).  
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Supplementary 2 The distribution and abundance of Cyrtomium falcatum in South Africa 
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Supplementary 3 The distribution and abundance of Deparia japonica in South Africa 
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Supplementary 4 The distribution and abundance of Diplazium esculentum in South Africa 
 CHAPTER 3: National Assessment          80 
Supplementary 5 The distribution and abundance of Doodia caudata in South Africa 
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Supplementary 8 The distribution and abundance of Microsorum scandens in South Africa 
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Supplementary 9 The distribution and abundance of Phlebodium aureum in South Africa 
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Supplementary 11 The distribution and abundance of Platycerium bifurcatum in South Africa 
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Supplementary 14 Risk analysis for Sphaeropteris cooperi in South Africa. The report is included as 
submitted to (and approved by) the Alien Species Risk Analysis Review Panel and submitted via 
SANBI to the Department of Environmental Affairs.  
Taxon: Sphaeropteris cooperi  
(F. Muell.) R.M. Tryon 
 
Area: South Africa 
Compiled by: Emily Jones 
 
Picture of Taxon Alien distribution map (BAC8) 
Risk Assessment summary: 
 
This species is an invasion risk, as there exists tracts of 
suitable habitat in South Africa where it has already 
established and spread. The species is also recorded as 
having negative impacts elsewhere in its alien range. In 
Hawaii, S. cooperi forms near monotypic stands and 
displaces the dominant native tree fern Cibotium glaucum. 
Similarly, in Mauritius two native tree fern species, Cyathea 
excelsa and C. bourbonica, are outcompeted. In South Africa 
this is a particular worry as we have two species of tree fern 
that grow in habitats ideal for S. cooperi. 
 
Risk score: 
High 
Management options summary: 
 
Other than its popularity in horticulture, the plant holds no 
other recorded benefits for areas outside its native range 
and has no specific economic value within its native range. It 
has proven very difficult to control in areas where it has 
invaded as it occurs in great numbers, it is too popular in 
horticulture to stop trade and some populations are 
inaccessible growing on high mountains and ridges, e.g. in 
Hawaii. 
 
Difficulty of management: 
Medium 
Recommendations: 
 
Listing under the NEMBA regulations as 1b is recommended, 
based on the relatively low benefits. Control of trade in 
areas of suitable habitat (e.g. the south African coastline 
from Kwa-Zulu Natal to the Garden Route (Eastern and 
Western Cape) is crucial as this is a readily available and 
popular horticultural species. Although complete eradication 
of the species may not be possible, it is possible to control 
the spread of the species as invasions are largely localised 
occurring only in moist forested areas. This said, invasion in 
areas with suitable habitat is rife and management actions 
need to be put in place 
Listing category: 
1b 
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1. Background 
 
BAC1 Name of assessor(s) 
Name of lead 
assessor 
Emily Jones 
BAC2 Contact details of assessor (s) 
Lead assessor Organisational affiliation: Nelson Mandela University 
email: s216016479@mandela.ac.za 
Phone: 082 304 0264 
BAC3 Name(s) and contact details of expert(s) consulted 
Expert (1) Name: Neil Crouch 
email: N.Crouch@sanbi.org.za 
Phone: 
Expert (2) Name: Johan Baard 
Email: johan.baard@sanparks.org 
Phone: 
Comments:  
Johan Baard is not specifically a fern expert, but he shows keen interest in this species and has been collecting 
location data for S. cooperi in the Garden Route.  
 
Neil Crouch is a fern expert in South Africa who has compiled a comprehensive field guide of ferns for the region; 
Crouch, N.R., Klopper, R.R., Burrows J.E., & Burrows, S.M., 2012. Ferns of Southern Africa: a comprehensive guide. 
Penguin Random House South Africa, Cape Town. 
BAC4 Scientific name of Taxon under assessment 
Taxon name: Sphaeropteris cooperi Authority: (F. Muell.) R.M. Tryon 
Comments: Currently accepted species name, used after The Plant List 
References:  
http://www.theplantlist.org 
BAC5 Synonym(s) considered 
Synonyms: Alsophila cooperi F.Muell.; Cyathea cooperi (F. Muell.) Domin 
Comments: Has sometimes been confused with Cyathea australis in earlier works. 
References:  
http://www.theplantlist.org: Accessed 17/06/2018  
https://www.cabi.org/isc/datasheet/17261: Accessed 16/06/2018 
BAC6 Common name(s) considered 
Common names: Australian tree fern 
Comments: 
References:  
https://www.cabi.org/isc/datasheet/17261 
BAC7 What is the native range of the Taxon? (add map in Appendix BAC7) 
Response: Northeast Australia Confidence: High 
Comments: See map 
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References: Atlas of living Australia (www.ala.org) Accessed 17/06/2018 ; https://www.cabi.org/isc/datasheet/17261 
Accessed 17/06/2018  
BAC8 What is the global alien range of the Taxon? (add map in Appendix BAC8) 
Response: Mauritius, Reunion Island, USA (Florida and Oregon), Hawaii, Azores, 
French Polynesia, New Caledonia, New Zealand, South Africa 
Confidence: Medium 
Comments: CABI considers S. cooperi as introduced to Western Australia (extralimital). 
References:  
https://www.cabi.org/isc/datasheet/17261 
BAC9 Geographic scope = the Area under consideration 
Area of assessment: South Africa 
Comments: 
BAC10 Is the Taxon present in the Area? 
Response: Yes Confidence: High 
Comments:  
Exists in South African Fern Guides, South African Plant Invaders Atlas (SAPIA) and the Botanical Database of 
Southern Africa [BODATSA; previously the National Herbarium (PRE) Computerised Information System (PRECIS)] 
records and has been noted personally 
References:  
Crouch, N.R., Klopper, R.R., Burrows J.E., & Burrows, S.M., 2011. Ferns of Southern Africa: a comprehensive guide. 
Struik Nature, Cape Town. 
Henderson, L., 1998. Southern African plant invaders atlas (SAPIA). Plant Sci, 12, pp.31-32. 
Morris, J.W. and Glen, H.F., 1978. PRECIS, the National Herbarium of South Africa (PRE) computerized information 
system. Taxon, 27:449-462. 
BAC11 Availability of physical specimen 
Response: Specimens are available (BODATSA) Confidence in ID: High 
Herbarium or museum accession number: NBG0263160-3. 
 
This record was logged by J. P. Roux in 2011, who was a fern specialist and had started to study alien ferns in South 
Africa. 
References: https://www.gbif.org/occurrence/685244240 Accessed 16/06/2018 
BAC12 Is the Taxon native to the Area or part of the Area? 
The Taxon is native to (part 
of) the Area. 
No Confidence: High 
The Taxon is alien in (part of) 
the Area. 
Yes Confidence: High 
Comments: 
References:  
Crouch, N.R., Klopper, R.R., Burrows J.E., & Burrows, S.M., 2011. Ferns of Southern Africa: a comprehensive guide. 
Struik Nature, Cape Town. 
BAC13 What is the Taxon’s introduction status in the Area? 
The Taxon is in 
cultivation/containment. 
Yes Confidence: High 
The Taxon is present outside 
of captivity/cultivation. 
Yes Confidence: High 
The Taxon has 
established/naturalised. 
Yes (Roux 2009) Confidence: High 
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The Taxon is invasive. Yes (Baard & Kraaij 2014) Confidence: High 
Comments:  
The species has naturalised at its sites of introduction. It is also recorded as invasive in the Garden Route (Baard & 
Kraaij 2014) – “We distinguished 21 species that appear to have become more evident in the region, posing 
emerging or escalating threats to indigenous 
biodiversity (indicated as ‘Invasive!’ in Table 2).” 
 
I have seen the invasive potential (spreading from the source ‘Blackburn et al. 2011’ and there are high numbers of 
young plants. I have focused on this plant in the field and have collected data on its distribution (E J Jones, 
unpublished data). It is also a plant specifically highlighted by working groups such as CREW as a problem plant. 
 
“S. cooperi … has been identified as an emerging invaders in both winter-and-summer-rainfall areas in South Africa” 
(Crouch, 2011) 
References:  
CREW (2017) Custodians of Rare and Endangered Wildflowers 
Crouch, N.R., Klopper, R.R., Burrows J.E., & Burrows, S.M., 2011. Ferns of Southern Africa: a comprehensive guide. 
Struik Nature, Cape Town. 
Baard, J.A. and Kraaij, T., 2014. Alien flora of the Garden Route National Park, South Africa. South African Journal of 
Botany, 94, pp.51-63. 
Blackburn, T.M., Pyšek, P., Bacher, S., Carlton, J.T., Duncan, R.P., Jarošík, V., Wilson, J.R. and Richardson, D.M., 2011. 
A proposed unified framework for biological invasions. Trends in ecology & evolution, 26(7), pp.333-339. 
E J Jones, unpublished data – master’s data collection of 2017 and 2018 – National assessment of alien ferns in South 
Africa 
BAC14 Primary (introduction) pathways 
 
 
Release Yes Confidence: medium 
Escape Horticulture Confidence: high 
Contaminant No Confidence: medium 
Stowaway N/A Confidence: 
Corridor No Confidence: medium 
Unaided N/A Confidence: 
Comments:  
S. cooperi was potentially introduced into South Africa as a horticultural alternative to Alsophila capensis as a means 
of reducing poaching on the indigenous tree ferns (pers. comm. N Crouch 2017). The plant was introduced and 
escaped as a horticultural species in South Africa, as can be noted for other parts of the World (Medeiros et al. 
1992). 
 
It is possible that the species has also spread from neighbouring areas such a Swaziland (Roux 2001) where it is 
present and has the ability to spread easily via wind and waterways (page 2002). 
References: 
Pers comm. N Crouch 2017 – Neil and myself were talking about pathways of entry for the plant when discussing the 
species which is included in my master’s study. 
Medeiros, A.C., Loope, L.L., Flynn, T. anderson, S.J., Cuddihy, L.W. and Wilson, K.A., 1992. Notes on the status of an 
invasive Australian tree fern (Cyathea cooperi) in Hawaiian rain forests. American Fern Journal, 82(1), 
pp.27-33. 
Page, C.N., 2002. Ferns and allied plants. In The Changing Wildlife of Great Britain and Ireland (pp. 66-93). CRC Press. 
Roux, J.P., 2001. Conspectus of Southern African Pteridophyta: An Enumeration of the Pteridophyta of Angola, 
Botswana, Lesotho, Malawi, Mozambique, Namibia, South Africa (including the Marion Island Group), 
Swaziland, Zambia and Zimbabwe. Southern African Botanical Diversity Network Report, (13). 
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2. Likelihood 
 
LIK1 Likelihood of entry via unaided primary pathways 
Response: Probable Confidence: High 
Rationale:  
S. cooperi has already been introduced and has established in South Africa. Spores are also highly motile and can be 
transported en masse by wind and water (Page 2002). 
References:  
Crouch, N.R., Klopper, R.R., Burrows J.E., & Burrows, S.M., 2011. Ferns of Southern Africa: a comprehensive guide. Struik 
Nature, Cape Town. 
PAGE, C. N. 2002. Ecological strategies in fern evolution: a neopteridological overview. Review of palaeobotany and 
palynology, 119:1-33. 
 
LIK2 Likelihood of entry via human aided primary pathways 
Response: Probable Confidence: High 
Rationale:  
Highly common horticultural plant that is readily available. E.g. we noted more than 500 young cultivated plants for 
trade within a single nursery in George, South Africa (E J Jones, Pers Obs). “Cyathea cooperi, or the scaly tree fern, is one 
of the species freely available in the trade and much sought after by gardeners and landscapers because of its vigour 
and rapid growth. Many South African gardens boast one or more of these plants.” Roux 2007.  
References: 
Roux, J.P., 2007. Another Aussie settles at the Cape: learning about biodiversity. Veld & Flora, 93(1), pp.50-51. 
E. J. Jones Pers Obs – completed interviews with nurseries in the garden route. 
 
LIK3 Habitat suitability 
Response: Fairly Probable Confidence: High 
Rationale:  
In both its native and invaded regions, the Australian tree fern shows preference to disturbed areas and moist sites 
along watercourses in forests. South Africa also boasts old ports, a strong horticultural trade, agriculture and an 
extensive, long-standing commercial forestry industry, all of which can facilitate the introduction and spread of this 
species. The area is home to large continuous stretches of indigenous forest (Southern Afrotemperate forest) in areas 
such as the Garden Route. Large towns and cities also form a matrix with natural and semi-natural areas creating an 
extensive urban/wildland interface, further facilitating invasion. This said, there are expansive areas within South Africa 
that will limit the spread of this species through the lack of suitable habitat such as the dry Northern Cape. 
References: 
Alston KP, Richardson DM (2006) The roles of habitat features, disturbance and distance from putative source 
populations in structuring alien plant invasions at the urban/wildland interface on the Cape Peninsula, South 
Africa. Biological Conservation 132:183-198 
Medeiros A, Loope L, Flynn T anderson S, Cuddihy L, Wilson K (1992) Notes on the status of an invasive Australian tree 
fern (Cyathea cooperi) in Hawaiian rain forests. American Fern Journal 82:27-33 
Mucina L, Geldenhuys CJ, Rutherford M (2006) Afrotemperate, subtropical and azonal forests, the vegetation of South 
Africa, Lesotho and Swaziland. Strelitzia 19:584-614 
 
LIK4 Climate suitability 
Response: Fairly probable Confidence: Medium 
Rationale: 
Climate maps show strong similarities between South Africa and Australia (native range) (Rubel and Kottek, 2011). 
However, no formal climatic modelling has been completed for this species. The species occurs in areas within South 
Africa with differing climates, e.g. it occurs in the Garden Route with warm summers, mild winters and largely aseasonal 
rainfall, but the species also occurs in higher mountainous parts of KwaZulu Natal where there are hot summers, cold 
winters and summer rainfall. 
References: http://koeppen-geiger.vu-wien.ac.at/: Accessed 16/06/2018 
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LIK5 Unaided secondary (dispersal) pathways 
Response: Fairly probable Confidence: Medium 
Rationale:  
This species is already spreading in South Africa (Roux, 2007) and is well documented as spreading in Hawaii (Wilson 
2002) 
 
“A mature tree fern is capable of producing millions of microscopic spores annually, which are easily transported by 
wind. Cultivated plants in the immediate vicinity of the naturalised populations may therefore be considered as the 
source of the spores” (Roux 2007). 
References: 
Roux, J.P., 2007. Another Aussie settles at the Cape: learning about biodiversity. Veld & Flora, 93(1), pp.50-51. 
Wilson, K. A. 2002. Continued pteridophyte invasion of Hawaii. American Fern Journal 92:179-183 
 
LIK6 Human aided secondary (dispersal) pathways 
Response: Probable Confidence: High 
Rationale:  
The species commonly occurs alongside rivers and hiking paths. The spores are carried by water ways and by humans 
(hiking paths) – the spores are small and can easily stick to the boots of hikers which can facilitate invasion (E J Jones, 
unpublished data 2017). Furthermore Roux 2007 noted that “plants in the immediate vicinity of the naturalised 
populations maybe considered as the source of the spores”. 
 
Hawai‘i’s trade winds and feral ungulates assisted in its dispersal (Paman 2007). 
 
“C. cooperi (…) often become established in pine plantations and are spared during clearing operations” (Lorence 1978). 
References:  
E J Jones, unpublished data – master’s data collection of 2017 and 2018 – National assessment of alien ferns in South 
Africa 
Roux, J.P., 2007. Another Aussie settles at the Cape: learning about biodiversity. Veld & Flora, 93(1), pp.50-51. 
Paman, J , A problem with overgrown ornamentals, The Maui News August 12, Page D9, 2007. 
Lorence, D.H., 1978. The pteridophytes of Mauritius (Indian Ocean): ecology and distribution. Botanical Journal of the 
Linnean Society, 76(3), pp.207-247. 
 
3. Consequences 
 
IMP1 Environmental impact (Table 3) 
Response: MR Confidence: High 
Rationale: See below 
 
References: 
 
IMP1a: Competition 
Response: MR Confidence: High 
Rationale:  
In Hawaii, S. cooperi forms near monotypic stands and displaces the dominant native tree fern Cibotium glaucum (Chau 
et al. 2013). Similarly, in Mauritius two native species of Cyathea, C. excelsa and C. bourbonica, are outcompeted by S. 
cooperi (Medeiros et al. 1992) as such, this consequence could be considered as moderate (MO). 
 
In 1987 Cyathea cooperi was discovered in the rain forests of Haleakala National Park [Hawaii] (…) beginning of the 
1990s, thousands of Australian tree ferns blanketed low elevation areas and threatened the pristine native forests of 
Kipahulu. Native trees, shrubs, ferns, lichens and mosses that are needed to capture rainfall, maintain stream flow, 
prevent soil erosion and sustain a healthy watershed were quickly choked out by this invader. The structure of the trunk 
differs to the indigenous species (thick ‘scales’ rather than smooth) and as such limits the surface to native epiphyte 
species who would usually grow on the trunks of indigenous species (Paman, Maui News, 2007). This effect results in 
the consequence being assigned as MR rather than MO, as there are changes to community composition. 
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Compared to the Hawaiian indigenous Cybotium species, S. cooperi grows taller and faster and produces more leaves 
per plant. The leaves also decompose faster, have a higher N and P content and higher maximum photosynthetic rates 
and lower rates of photoinhibition than the native species (Chau et al. 2013). 
References: 
Chau, M. M., Walker, L. R. & Mehltreter, K. 2013. An invasive tree fern alters soil and plant nutrient dynamics in Hawaii. 
Biological invasions, 15, 355-370. 
Medeiros, A.C., Loope, L.L., Flynn, T. anderson, S.J., Cuddihy, L.W. and Wilson, K.A., 1992. Notes on the status of an 
invasive Australian tree fern (Cyathea cooperi) in Hawaiian rain forests. American Fern Journal, 82(1), pp.27-
33. 
Paman, J , A problem with overgrown ornamentals, The Maui News August 12, Page D9, 2007. 
IMP1b: Predation 
Response: DD Confidence: 
Rationale: Plant species 
References: 
IMP1c: Hybridisation 
Response: DD Confidence: 
Rationale: there have been no reports of hybridisation in other impact reports 
References:  
Chau, M. M., L. R. Walker and K. Mehltreter. 2013. An invasive tree fern alters soil and plant nutrient dynamics in 
Hawaii. Biological invasions 15:355-370. 
Durand, L. Z. and G. Goldstein. 2001. Growth, leaf characteristics and spore production in native and invasive tree ferns 
in Hawaii. American Fern Journal 91:25-35. 
IMP1d: Transmission of disease 
Response: DD Confidence: 
Rationale: 
References: 
IMP1e: Parasitism 
Response: DD Confidence: 
Rationale:  
References: 
IMP1f: Poisoning/toxicity 
Response: MC Confidence: Moderate 
Rationale: There are no documented serious toxic/ poisonous effects of S. cooperi, but some people experience skin 
irritations upon contact with the leaf scales. The discomfort usually subsides quickly if not scratched. 
References: Personal observation 
IMP1g: Bio-fouling 
Response: DD Confidence: 
Rationale:  
References: 
IMP1h: Grazing/herbivory/browsing 
Response: DD Confidence: 
Rationale: Plant 
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References: 
 
IMP1i: Chemical, physical or structural impact on ecosystem 
Response: MR Confidence: High 
Rationale: 
In Hawaii, S. cooperi forms near monotypic stands and displaces the dominant native tree fern Cibotium glaucum (Chau 
et al. 2013). Similarly, in Mauritius two native species of Cyathea, C. excelsa and C. bourbonica, are outcompeted by S. 
cooperi (Medeiros et al. 1992). 
 
References:  
Chau, M. M., L. R. Walker and K. Mehltreter. 2013. An invasive tree fern alters soil and plant nutrient dynamics in 
Hawaii. Biological invasions 15:355-370.) 
Medeiros, A.C., Loope, L.L., Flynn, T. anderson, S.J., Cuddihy, L.W. and Wilson, K.A., 1992. Notes on the status of an 
invasive Australian tree fern (Cyathea cooperi) in Hawaiian rain forests. American Fern Journal, 82(1), pp.27-
33. 
IMP1k: Interaction with other alien species 
Response: MO Confidence: Medium 
Rationale: 
 In the natural environment S. cooperi litter may benefit co-occurring, invasive non-native species (e.g. Clidemia hirta), 
thereby displacing slower growing natives and potentially creating a feedback known as invasional meltdown” (Chau et 
al 2013). “Nitrogen availability can be a major limitation to invasion of undisturbed forests and through competitive 
advantage, S. cooperi may recapture much of the nitrogen it adds to the soil from its leaf litter, perpetuating its 
invasion”; alters soil nutrient cycling in Hawaii (Chau 2012). 
References:  
Chau, M. M., L. R. Walker and K. Mehltreter. 2013. An invasive tree fern alters soil and plant nutrient dynamics in 
Hawaii. Biological invasions 15:355-370. 
 
IMP2 Socio-economic impact (Table 3) 
Response: DD Confidence: 
Rationale: 
 
References: 
 
IMP2a: Agriculture 
Response: DD Confidence: 
Rationale: 
References: 
IMP2b: Animal production 
Response: DD Confidence: 
Rationale: 
References: 
IMP2c: Mariculture/aquaculture 
Response: DD Confidence: 
Rationale: 
References: 
IMP2d: Forestry 
Response: DD Confidence: 
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Rationale: The species is present in plantations; whether it has an impact has not been studied 
References: pers. Obs. 
IMP2e: Infrastructure and administration 
Response: DD Confidence: 
Rationale: 
References: 
IMP2f: Human health 
Response: MC Confidence: Medium 
Rationale: Some people experience skin irritations upon contact with the leaf scales. The discomfort usually subsides 
quickly if not scratched. This is known from personal experience and seeing a few other people with the same reaction. I 
am not aware of any documented evidence in this regard. 
References: 
IMP2g: Human social life 
Response: DD Confidence: 
Rationale: 
References: 
 
IMP3 Closely related species’ environmental impact 
Response: DD Confidence:  
 
References: 
 
IMP4 Closely related species’ socio-economic impact 
Response: DD Confidence:  
Rationale: 
References: 
 
IMP5 Potential impact 
Response: MO Confidence: High 
Rationale:  
The species is already spreading, furthermore we have indigenous tree fern species that grow in similar habitat. This is a 
concern due to the recorded impacts of S. cooperi in Hawaii and Mauritius - In Hawaii, S. cooperi forms near monotypic 
stands and displaces the dominant native tree fern Cibotium glaucum (Chau et al. 2013). Similarly, in Mauritius two 
native tree fern species of Cyathea, C. excelsa and C. bourbonica, are outcompeted by S. cooperi (Medeiros et al. 1992). 
 
“Garden Isle (…) In the early 2000s, surveys were conducted to determine the extent of the population. (…) Australian 
tree fern was just about everywhere. In 2005 (…) act immediately to ensure the preservation of the remaining native 
forests” (J. Paman, Maui News, 2007). 
References: Pers. Obs. 
Chau, M. M., L. R. Walker and K. Mehltreter. 2013. An invasive tree fern alters soil and plant nutrient dynamics in 
Hawaii. Biological invasions 15:355-370. 
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Medeiros, A.C., Loope, L.L., Flynn, T. anderson, S.J., Cuddihy, L.W. and Wilson, K.A., 1992. Notes on the status of an 
invasive Australian tree fern (Cyathea cooperi) in Hawaiian rain forests. American Fern Journal, 82(1), pp.27-
33. 
Paman, J , A problem with overgrown ornamentals, The Maui News August 12, Page D9, 2007. 
 
4. Management 
 
MAN1 What is the feasibility to stop future immigration? 
Response: low Confidence: High 
Rationale:  
The stopping of the use of this species in horticulture is highly unlikely. It is used extensively in South Africa and globally 
as a popular horticultural species (Roux 2007). Furthermore, banning further trade of this species will likely not be fully 
effective as one can expect illegal introductions and trade. 
References: 
Roux, J.P., 2007. Another Aussie settles at the Cape: learning about biodiversity. Veld & Flora, 93(1), pp.50-51. 
 
MAN2 Benefits of the Taxon 
MAN2a Socio-economic benefits of the Taxon 
Response: low Confidence: medium 
Rationale:  
May deter poaching of indigenous tree ferns. 
 
The plant is a popular Landscaping contribution (Paman, Maui News 2007). Although horticulture is a socio-economic 
benefit this is the plants only use. As such the plant is mostly locally cultivated and there is little to no immigration of 
new plants. 
References:  
Paman, J , A problem with overgrown ornamentals, The Maui News August 12, Page D9, 2007. 
MAN2b Environmental benefits of the Taxon 
Response: low Confidence: High 
Rationale:  
In studies of the species there has not been report of any other use than horticulture. It is also not included as a useful 
fern in Robinson (2010) list of useful alien ferns. 
References:  
Robinson, R., E. Sheffield and J. Sharpe. 2010. Problem ferns: their impact and management. Pages 255-322. Cambridge 
University Press: Cambridge, UK. 
 
MAN3 Ease of management (Table 4) 
Response: Medium Confidence: High 
Rationale:  
“some plant industry members on Maui,Kaua‘i andO‘ahu are taking matters into their own hands and are adopting a 
voluntary code of conduct to stop the sale and use of Australian tree fern within the green industry through self-
regulation” (J Paman, Maui News, 2007) – it may not be possible to eradicate the plant but it is possible that we may 
slow it, the same article states that the island is attempting to phase out the species from nurseries and gardens. 
 
“Efforts to control S. cooperi include felling trunks, cutting off apical meristems and using terrestrial and aerial 
application of the herbicide. However, S. cooperi continues to spread” (Chau et al. 2013). Herbicides listed for use on S. 
cooperi include: Dicamba and 2,4-D (applied to individual shoot apices  
 
Dr Koos Roux was highly interested in this species and in 2007 stated that “To avoid a similar situation developing in 
South Africa (as compared to Hawaii), the existing populations need to be closely monitored and early action taken to 
eradicate then if and when needed”. 
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The plant may not be able to be completely eradicated but the species will likely respond to prevention of spread, for 
e.g. The CREW team in the Garden Route has started to pull S. cooperi plants onsite in the forests surrounding the 
George botanical gardens. In areas where they have been uprooted the species there has shown a notable decline in 
the number of plants and recruitment seems less (E J Jones, unpublished data). 
References: 
Paman, J , A problem with overgrown ornamentals, The Maui News August 12, Page D9, 2007. 
Chau, M. M., Walker, L. R. & Mehltreter, K. 2013. An invasive tree fern alters soil and plant nutrient dynamics in Hawaii. 
Biological Invasions, 15, 355-370. 
Roux, J.P., 2007. Another Aussie settles at the Cape: learning about biodiversity. Veld & Flora, 93(1), pp.50-51 
E J Jones, unpublished data – master’s data collection of 2017 and 2018 – National assessment of alien ferns in South 
Africa 
MAN3a How accessible are populations? 
Response: 1 - Moderately accessible Confidence: Medium 
Rationale:  
Some species occur in higher areas within mountains and along water courses that may not be easily accessible. Also, 
the species may occur in impenetrable forests. This said the species shows a preference for disturbance such as hiking 
routes and roadsides so many of the plants can be accessed. 
 
I am confident that we could access the majority of the populations of this species as I have noted these populations in 
data collection, how many individuals exist in impenetrable areas cannot be assumed. 
References:  
E J Jones, unpublished data – master’s data collection of 2017 and 2018 – National assessment of alien ferns in South 
Africa 
MAN3b Is detectability critically time-dependent? 
Response: No Confidence: High 
Rationale: 
Sporophytes can be seen throughout the year (permanent). One issue remains of the life stages of ferns, before the 
establishment of the notable plants (the sporophyte) there is a gametophytic stage. This life stage is difficult to see and 
we are not yet sure how crucial the life stage is in the invasive potential of alien ferns. The ways in which disparate 
requirements of these different life stages affect species’ distribution ranges or their invasive potential have not yet 
been explored but may further explain distribution and invasiveness in alien ferns (Sharpe et al. 2010, Cousins 1981, N 
Crouch Pers. Comm.). 
References: 
Cousens, M. I. 1981. Blechnum spicant: habitat and vigour of optimal, marginal and disjunct populations and field 
observations of gametophytes. Botanical Gazette, 142, 251-258. 
Sharpe, J. M., Mehltreter, K. & Walker, L. R. 2010. Ecological importance of ferns. Fern ecology. Cambridge University 
Press, Cambridge, 1-21. 
MAN3c Time to reproduction 
Response: DD Confidence: 
Rationale: 
 
References: 
 
MAN3d Propagule persistence 
Response: 3 - >5 years Confidence: Medium 
Rationale: Spores are known to be resilient and long lived 
 
References:  
de Groot, G. A., B. Verduyn, E. J. Wubs, R. H. Erkens and H. J. During. 2012. Inter-and intraspecific variation in fern 
mating systems after long-distance colonization: the importance of selfing. BMC Plant Biology 12:3. 
 
MAN4 Has the feasibility of eradication been evaluated? 
Response: No Confidence: high 
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Rationale: 
 
References: 
 
 
5. Calculations 
 
Likelihood = Fairly probable 
 
Parameter Likelihood Stages Final assessment 
LIK1 Probable  
P(entry) = probable 
P (invasion) = fairly 
probable 
LIK2 Probable  
LIK3 Fairly probable 
P(establishment) = fairly probable 
LIK4 Fairly probable 
LIK5 Fairly probable 
P (spread) = Probable 
LIK6 Probable  
 
Consequence = MR 
 
Parameter Mechanism/sector Response 
IMP1a Competition MR 
IMP1b Predation DD 
IMP1c Hybridisation DD 
IMP1d Disease transmission DD 
IMP1e Parasitism DD 
IMP1f Poisoning/toxicity DD 
IMP1g Bio-fouling DD 
IMP1h Grazing/herbivory/browsing DD 
IMP1i Chemical, physical, structural impact MR 
IMP1k Interaction with other aliens MO 
IMP2a Agriculture DD 
IMP2b Animal production DD 
IMP2c Mariculture/aquaculture DD 
IMP2d Forestry DD 
IMP2e Infrastructure DD 
IMP2f Human health DD 
IMP2g Human social life DD 
 
 
Risk = high 
 
    
Consequences 
MC MN MO MR MV 
Li
ke
lih
oo
d 
Extremely unlikely low low low medium medium 
Very unlikely low low low medium high 
Unlikely low low medium high high 
Fairly probable medium medium high high high 
Probable medium high high high high 
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Ease of management = medium 
 
 
 
 
 
 
 
 
 
Supplementary material to risk assessment 
 
Appendix BAC7: Provide here a map of the native range, if possible. If the map is available in a file, please insert a low-res 
copy (<1MB) and provide the file name and (if possible) a link to a higher resolution copy below. 
 
https://www.cabi.org/isc/datasheet/17261 - Accessed 2018/05/09 
 
Appendix BAC8: Provide here a map of the global alien range, including the range within the Area, if possible. If the map is 
available in a file, please insert a low-res copy (<1MB) and provide the file name and (if possible) a link to a higher 
resolution copy below.
 
https://www.gbif.org/species/2650296 - Accessed 2018/05/09 
 
Parameter Question Response 
MAN3a How accessible are populations?  1 
MAN3b Is detectability critically time-dependent? 0 
MAN3c Time to reproduction 1 
MAN3d Propagule persistence 3 
MAN3 SUM 5 
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Additional resource for completeness: Personal observations and records in South Africa (E J Jones, unpublished data 
2018). 
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CHAPTER 4: Synthesis and Conclusions 
 
Summary of Major Findings 
Ferns are a diverse taxon with various plant traits that appear to represent a high invasive 
capability, but despite this, they have been vastly understudied in the field of invasion 
biology. The review of the relevant literature brought about some important findings that 
shaped the approach of this study, i.e. (i) trait analyses are a reliable means of characterising 
invasive plants, with invasion stage-dependant traits mediating progression along the 
introduction-naturalisation-invasion continuum (Richardson and Pyšek 2012; Moodley et al. 
2016); (ii) inventories and atlases of invasive species are invaluable tools in assessing 
invasion risk and researchers concur that there is a need to standardize the information 
collected on invasive species across the globe (Pyšek et al. 2004; Blackburn et al. 2011; Mc 
Geoch et al. 2012; Latombe et al. 2017); and (iii) there is a poor representation of alien ferns 
in inventories of invasive flora (with the exception of aquatic genera such as Azolla and 
Salvinia) and in particular in South Africa’s Plant Invaders Atlas (one of South Africa’s most 
comprehensive inventories of alien plants). The overarching aim of this thesis was therefore 
to establish a basic understanding of terrestrial alien true ferns (Polypodiophyta; hereafter 
‘alien ferns’) as an invasive taxon. This was achieved in two parts i.e. at a global scale by 
inventorising 157 alien fern species and considering their biological and ecological traits in 
relation to their invasion status; and at a regional scale by surveying the distribution, 
abundance and habitat associations of 13 alien fern species known to be present in South 
Africa outside of cultivation.  
In the global assessment (Chapter 2) we found more than double the number of species (157 
vs. 60) of alien ferns when compared to a previous study (Robinson et al. 2010). 
Furthermore, we found a relatively high percentage of naturalised and invasive species as 
compared to introduced species, a trend not often noted in similar studies (Moodley et al. 
2013; 2016). Some of our findings had strong parallels with similar studies on other taxa 
(Pyšek et al. 2009; Moodley et al. 2013, 2016; Latombe et al. 2017; van Kleunen et al. 2018) 
i.e. horticulture played an important role in dissemination of alien ferns across the globe and 
the species we identified as most problematic were also those most popular as ornamentals; 
species with a greater native range and greater number of introduced regions showed a 
greater probability of becoming invasive; and that areas of high alien fern incidence mirrored 
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those of high native fern species incidence. The study showed that alien ferns do have a high 
potential as invasive species and terrestrial alien ferns generally have a high probability of 
becoming naturalised and invasive once introduced. Furthermore, our study was consistent 
with the notion that progression along the introduction-naturalisation-invasion continuum is 
context dependent, with varying traits mediating each stage of progression (Pyšek et al. 2009; 
Kolar and Lodge 2001).  
The South African study (Chapter 3) revealed that all 13 species of alien fern surveyed were 
invasive, but that the potential for widespread invasion and range expansion are lower in 
alien ferns than in other prominent angiosperm invaders in South Africa. The strongest 
habitat association observed for alien ferns was the association with indigenous forests 
(which are generally resistant to invasion; Brothers and Spingarn 1992; Teo et al. 2003), with 
the majority of species selecting for shaded conditions, close to water. There is evidence that 
alien ferns may show a competitive advantage over native species in indigenous forests, but 
their true competitive ability and classification of impact requires further assessment. Some 
of our findings on distribution and habitat selection of alien ferns compare well with those of 
studies on other alien plants. For example, alien fern richness and abundance was highest in 
native fern hotspots (Stohlgren et al. 2003; Richardson et al. 2005; Stark et al. 2006; 
Christenhusz and Toivonen 2008) and they were commonly associated with disturbed 
habitats (Alpert et al. 2000; Didham et al. 2005; Rejmánek et al. 2005; Pyšek et al. 2010; 
Baard and Kraaij 2014) and areas of high rainfall (Henderson 2007). We also found an 
association between some alien ferns and plantations, similar to other studies on alien ferns 
(Mehltreter 2006; Sofiyanti 2013). In only four of the 13 species surveyed in this study does 
eradication remain feasible, with the remaining species being too widespread for eradication 
attempts to be feasible. This study supports that risk analysis is a reliable method to evaluate 
alien species since the outcomes of the risk analysis completed for S. cooperi (a theoretical 
approach based on literature) matched the findings of the field survey component of this 
study (a practical approach based on observations).  
We also noted similarities in the findings of our assessments at the global and national scale. 
The global analysis (Chapter 2) showed that once introduced, alien ferns have a high 
probability of becoming naturalised or invasive and all 13 species considered in the national 
chapter (Chapter 3) were found to be invasive. Reproductive plasticity was identified as the 
most significant trait in the progression from introduced to naturalised (Chapter 2) and there 
was evidence of both sexual and vegetative reproduction taking place in alien ferns occurring 
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in South Africa (Chapter 3). The presence of disturbance and a preference for all light 
conditions (including semi-shade and sun) increased the probability that an alien fern would 
become invasive (Chapter 2) and were some of the defining features in habitat selection by 
alien ferns in South Africa (Chapter 3). Ferns with a ground-dwelling life form were more 
likely to become invasive than epiphytes or lithophytes (Chapter 2) and this was the dominant 
life form of invasive alien ferns in South Africa (Chapter 3). A high environmental tolerance 
promoted invasiveness in alien ferns (Chapter 2) and habitat generalists (interpreted as having 
a higher environmental tolerance) were amongst the most abundant and widespread in South 
Africa (Chapter 3). Additionally, of the 11 species classified as invasive over extensive 
introduced ranges in the global study, only two (Lygodium microphyllum and Angiopteris 
evecta) are not yet recorded in South Africa, while another one is native to South Africa 
(Pteris vittata). Species invasive in South Africa and elsewhere included Adiantum 
raddianum, Cyrtomium falcatum, Lygodium japonicum, Macrothelypteris torresiana, 
Nephrolepis cordifolia, Phlebodium aureum, Pityrogramma calomelanos, and Sphaeropteris 
cooperi. 
 
Implications for Management 
The integration between science, policy and implementation is imperative in environmental 
management (Browning-Aiken et al. 2006; Liu et al. 2008). Detailed information concerning 
the distribution and status of alien species at a global and national scale is integral for the 
optimisation of management actions and provides a foundation for future research and 
strategy (Latombe 2017). The global inventory of alien ferns developed in this study 
contributes to global invasion monitoring and provides a rigorous baseline for assessing 
future changes in the status of ferns as aliens and invasives (in terms of the invasion status 
criteria, Blackburn et al. 2011). A personal observation from interactions with the public and 
persons interested in the study, was that most people (including nursery owners) were 
unaware that alien fern species exist across the globe and were further surprised to hear of 
their invasive nature. To combat this, public awareness programmes on the invasive nature of 
certain fern species could help reduce the trade of invasive ferns and prevent invasion by 
more escapees. The global analysis highlighted species of concern which had extensive 
introduced ranges and those that are most popular in horticulture. The information collated in 
this study forms a baseline for future predictive studies such as niche-based modelling 
(Thuiller et al. 2005) and risk analyses (inclusive of impact classification; Kumschick et al. 
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2018). Conclusive scientific information is critical in the processes of decision-making and 
can provide invaluable information towards the management of biodiversity loss (Latombe 
2017). 
In the national study we developed a distribution database of 13 alien fern species present in 
South Africa. These data will feed directly into the South African Plant Invaders Atlas and 
will provide information on a taxon that is currently inadequately considered in assessments 
of the status of biological invasions in South Africa (van Wilgen et al. 2018). The data and 
management recommendations provided by this study will also be adopted by the South 
African National Biodiversity Institute’s Directorate on Biological Invasions which is aimed 
at preventing alien species introductions, early detection of invasive species, and incursion 
response planning. The study identified species that are important candidates for further risk 
analysis based on their prominence in South Africa, which was supported by a recent report 
on the status of biological invasions in South Africa (van Wilgen et al. 2018).  
This study established that alien ferns potentially threaten some of South Africa’s ecosystems 
given that all 13 species surveyed conformed with the criteria for being invasive (Blackburn 
et al. 2011) and indicated potential for further spread. The habitats most commonly selected 
by alien fern species in South Africa included indigenous forests (a concern for native forest 
biodiversity), but they were also associated with anthropogenic disturbance (which is known 
to facilitate rapid invasion by other invasive plants; Rejmanek and Richardson 1996). These 
findings indicate which habitat types require targeted management and should therefore 
contribute to improvement in the management efficiency of alien ferns in the country. Only 
four of the 13 species were considered to be suitable targets for eradication on account of 
limited distribution and abundance and are therefore to be listed under Category 1a of the 
Alien and Invasive Species regulations of the National Environmental Management: 
Biodiversity Act. These species should thus be prioritised for timely management and closely 
monitored for potential range expansion (species found to significantly expand their range 
may need to be upgraded to Category 1b). The remaining alien fern species had a greater 
abundance and distribution and are therefore recommended to be listed under Category 1b. 
These species need to be targeted in control efforts rather than eradication schemes. The 
control and management of alien ferns is discussed in the ‘recommendations for future 
research’ section below, as it remains a topic requiring further investigation. This study 
produced valuable information to inform the relevant legal listings and invasion status of 
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alien ferns in South Africa and hence provided guidance for future management efforts for 
these taxa. 
Study Limitations 
Pteridophyta (inclusive of aquatic and semi-aquatic species and fern allies) forms a taxon too 
large to be evaluated within the scope of a Masters study, and we therefore purposefully 
constrained our study to consider a single order of ferns, i.e. Polypodiophyta. Aquatic ferns 
having been reasonably well documented as invasives (unlike their terrestrial counterparts) 
added to this reasoning. Although Polypodiophyta presented a more manageable group, it 
was still too large (9500 species; Christenhusz and Chase 2014) for all native taxa within it to 
be assessed for potential transitions from native to introduced. Our analyses were therefore 
limited to the introduced-naturalised and naturalised-invasive transitions. Furthermore, a fern 
is likely to be noted only once it has become an established and ecologically damaging 
invader (de Winter and Amoroso 2003) and thus species in the ‘introduced’ status are largely 
unnoticed and thus absent from IAP inventories. This likely led to the underrepresentation of 
introduced species in our study. The lack of information pertaining to species that are 
currently traded across the globe and in South Africa, also likely limited the number of 
species captured under the ‘introduced’ status. Additional records of introduced species may 
have resulted in a larger inventory and could have improved our analysis of factors 
contributing to transitions along the introduced-naturalised-invasive continuum. Our national 
study only considered 13 species of terrestrial alien fern that were known to exist in South 
Africa, but there may be other species of alien fern that have escaped cultivation that remain 
undetected. This also applies to species that may be persisting in the gametophyte stage. Time 
and financial constraints likewise precluded us from comprehensively surveying the entire 
potential distribution range of all 13 species. We aimed to improve the understanding of alien 
fern incidence in South Africa and across the globe, and the data collected still have the 
potential for further analyses that falls beyond the scope of this study.  
Study Contributions and Recommendations for Future Research  
This study provided important information about a plant group that to date, has been largely 
understudied in terms of invasion biology. It contributed towards the understanding of the 
traits that underly invasiveness in alien fern species and provided information about alien fern 
ecology in general. The study furthermore established the first systematic account of invasive 
alien fern distribution in South Africa and expanded on the habitat associations of each 
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species. The inventory developed in the global study motivates and prompts the detection and 
inclusion of alien fern species in global inventories of IAPs and informs prevention efforts at 
border posts. The data collected in the national study will directly feed into mapping and 
alien plant management projects in South Africa. Furthermore, it provides a systematic 
revision of the legal and invasion status of the terrestrial alien fern species to inform 
regulation and enable future status assessments (such as the recent status report on biological 
invasions for South Africa; van Wilgen et al. 2018). Lastly, aspects of this study may be 
adopted as a baseline for more in-depth analyses of alien ferns and may instigate research 
into realms not yet explored in alien ferns (discussed below). 
We highlighted the importance of mode of reproduction (most importantly reproductive 
plasticity) in the process of invasion by alien ferns; furthermore, we found evidence of both 
sexual and vegetative reproduction taking place in the invasive ferns in South Africa. 
Successful sexual reproduction requires the establishment and survival of three stages in ferns 
(i.e. spore, gametophyte and sporophyte). The differing environmental requirements of the 
fern life stages have previously been highlighted as a topic in need of further research in fern 
ecology (Walker et al. 2010). However, how the disparate requirements of each life stage 
influence alien ferns may be of particular importance in explaining invasive success and 
distribution. We hypothesise that there are more alien fern species (over and above those 
identified in this study) that have escaped cultivation in South Africa but remain at the 
gametophyte stage and are thus currently undetected. These species may continue to persist at 
the gametophytic life stage until conditions allow for sporophyte development from where 
these species may naturalise or invade. Perhaps the gametophytic life stage further lengthens 
the lag time in alien fern invasion. Ferns adopt a random means of dispersal (wind dispersed 
spore; Page 2002, comparable to pollen), but have specific requirements for habitat selection 
and sexual reproduction. This contrast (i.e. random dispersal versus specific environmental 
requirements for establishment) may limit or promote invasiveness in alien ferns. We 
hypothesise that the gametophytic life stage is the determining factor in whether introduced 
fern species manage to establish or invade successfully. Furthermore, there is a need to 
identify habitats that are optimal or marginal for growth and reproduction in gametophytes 
and sporophytes, respectively (Walker et al. 2010 ). The production of fertile leaves by alien 
fern species and the number of spores released per plant have not been quantified for alien 
ferns and may provide insight into propagule pressure and hence invasive success of some 
species. The size and longevity of spore banks in natural systems remain equally unexplored 
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and is an important concept to inform management and monitoring strategies (as noted in 
various studies on invasive angiosperms; Richardson and Kluge 2008). 
The recent status report on biological invasions for South Africa (van Wilgen et al. 2018) 
adopted a framework that relied on 21 indicators and four high-level indicators used to 
characterise the status of an invasion within a specified area (i.e. at varying scales in South 
Africa). Alien ferns are listed in the report but are data deficient (i.e. information reported on 
for other species is lacking for fern species) and this study provides a baseline for some of the 
information incorporated into the framework, i.e. introduction pathway prominence (under 
high-level indicator group ‘pathways’); number and status of alien species, extent of alien 
species and abundance of alien species (under high-level indicator group ‘species’); and alien 
species richness (under high-level indicator group ‘areas’). The layout of this framework 
indicates information that is currently lacking in order to more comprehensively characterise 
alien fern invasion in South Africa. We hypothesise that the fern distributions mapped in this 
study may reflect the epi-centres of trade both globally and in South Africa, and that trade has 
as strong an influence on alien fern distribution as environmental factors such as climate or 
soil. Future studies should thus consider the movement and trade of alien ferns at various 
scales (nationally and globally), the impact of alien ferns on the environment and the 
potential management interventions.  
We also suggested that the management of alien ferns (both globally and at a national scale) 
should focus on controlling trade, since horticulture is a primary pathway for the introduction 
of alien ferns across the globe. We highlighted species and families most popular in 
horticultural trade and species of concern that had a wide global distribution and incidence. 
We identified the native and introduced regions for 160 alien ferns species across the globe, 
but further research needs to consider sources of cultivation and the pathways of 
dissemination of alien ferns globally. Identifying species that are actively traded will 
contribute to the identification of species that may already be introduced to a region but have 
not yet escaped or naturalised (i.e. will aid in early detection). Species that are actively traded 
(especially those identified in this study as species of concern) need to be subjected to import 
bans both in countries where these species already exist and in those that fall within a 
species’ potential invasion range. 
This study provided the first account of the current introduced range of alien ferns across the 
globe and in South Africa, and we further characterised the traits and habitats associated with 
their invasiveness. When characterising habitats most associated with ferns soil type was not 
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considered. Soil type is an important determinant of fern species richness and distribution 
(Tuomisto and Poulsen 1996). Species richness is greatest in nutrient rich soils, but ferns are 
more abundant (in terms of plant biomass) in nutrient-poor soils (Kessler 2010). The effect of 
soil type on alien fern distribution remains to be explored. Our study showed that ferns are 
habitat specific primarily selecting for indigenous forest habitats (Kessler 2010) and we 
observed some evidence of competition with native fern species (see Chapter 3; N Crouch 
2017, pers. comm.). However, the competitive ability of alien ferns in relation to native fern 
species and other species that share these habitats, has not been explored and could help 
explain invasiveness in alien ferns. We hypothesise that due to the habitat specificity of ferns, 
competition between native and alien ferns is inevitable within their habitat niches, and if 
alien ferns present with a greater fecundity and resilience than native species they will in time 
outcompete native ferns. Whether the replacement of native ferns by alien ferns would 
negatively impact ecosystem functioning remains to be explored (the similarities in niche 
requirements of these species may in fact mean that they perform similar roles within their 
ecosystems). 
The inventories and information contributed by this study initiated the completion of risk 
analyses for alien ferns in South Africa both for existing species and species not yet 
introduced (i.e. species of concern highlighted in the global chapter). The risk analysis 
completed for S. cooperi in this study comprised the first such quantification of risk for any 
alien fern species (inclusive of Azolla and Salvinia) to date in South Africa. Performing risk 
analyses on the 12 remaining species considered in the national study will more 
comprehensively inform their regulatory status. In order to increase the robustness of the 
RAs, future studies should consider classifying impact and performing niche-based modelling 
for the 13 terrestrial alien fern species included in the national study, as well as for 
Nephrolepis cordifolia. The impact classification adopted in risk analyses relies on existing 
information on the impacts a species has in its introduced range (i.e. anywhere on the globe; 
Kumschick et al. 2018), and the exercise would provide useful information that could be used 
across the globe. This study provided a baseline for performing niche-based modelling of 
alien ferns. Niche-based modelling predicts the probability that a species will successfully 
establish in an area by matching the climatic variables of a current distribution with a larger 
area (Thuiller et al. 2005) and will provide an early warning system for the management of 
alien ferns in those areas.
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